
PILANC 


CUii N* 

book N« . IaJ ^ 

Ac'.erafon Nc w iiao£r? ♦ 


.4-VJ^ 





INDUSTRIAL ELECTRONICS 
REFERENCE BOOK 




INDUSTRIAL ELECTRONICS 


REFERENCE BOOK 


by 

Electronics Engineers 

of the 

Westinghouse Electric Corporation 


JOHN WILEY & SONS, INC., NEW YORK 
CHAPMAN & HALL, LIMITED, LONDON 


1948 



COPTRIQHT, 1948 

BY 

s<Ve8tinghoi:sk Klectric Corporation 


All Rights Reserved 

This hook or any part thereof must not 
be reproduced in any form without 
*he written permission of the publisher. 


FOl’KTII PRINTING. Jl'NK. 1953 


PRINTED IN THE UNITED STATES OF AMERICA 



FOREWORD 


E IjECTRONICS is a w«r<l which has l>een much used but also greatly abused in the 
past few years. From articles in the technical press, one might gain the erroneous 
impression that through electronics anything desired could be easily accomplished. 
It is the purpose of this book to give sufficient theoretical data and application informa- 
tion on electronic .subjects .so that, when an electronic device is designed or utilized, the 
reader may have an understaruling of its possibilities as well as its limitations. Conse- 
quently, now applications or projects, carefully conceiv'ed, .should have a better than even 
chance of giving the desired results, and electronics should take its place as a useful indus- 
trial tool. 

In the fighting of World War IT, electronics was an extensively utilized branch of the 
electrical art and as a result has been greatly glamorized. Electronics did much to speed 
the winning of the war. Its broad u.se brought many individuals into contact with elec- 
tronic device's. Had the.se iudivaduals lived a normal life, they would not have had to 
stake their lives on information obtained from or resultant operation of .such devices. 
This factor advanced the u.se of elecironics and proved that it could do things that were 
impossible by other methods. 

The major problem in industry and a major purpose of this book, therefore, is to be sure 
that electronics as a tool is properly used. Our way of doing things should not be so rigid 
that, changes cannot be made, but any change should promise definite improvement over 
tried and proven methods. In tlu; case where electronics provides a means of accomplishing 
something hitherto impossible, the only caution is to be sure that the application is econom- 
ically sound and has a chance of surviving the trials of time. 

A. C. Monteitii, Alanager 
Headquarters Engineering Departments 
Westinghouse Electric Corporation 

April, 19^8 




PREFACE 


S INCE 1940, widespread expansion has taken place in the field of electronic engineering. 
Marked advancement was made in the industrial phase of electronics with the result 
that this branch of engineering was directly related to the momentous production 
record of industry during this period. Developments took place so rapidly that it was 
almo.st impossible for one not highly skilled in such equipment to keep pace. The need 
for a digest embracing the application as well as design data for industrial electronic equip- 
ment under one cover was evident. The Industrial Electronics Reference Book was written 
to satisfy this need. This book has been prepared with the hope that the technical data 
and application information .set forth will enable those concerned with the application and 
utilization of electronic apparatus to have a better understanding of the possibilities and 
limitations of such equipment. 

The book, therefore, has been aimed at the practicing engineer who is faced with the 
problem of understanding the underlying principles as well as the scope and limiting 
factors of electronic apparatus as it is applied to industrial processes. It is felt that the 
book will also be of material value to graduates of engineering schools who arc entering 
industry for the first time and who will be faced with the problem of approving or rejecting 
electronic eciuiprnent for use in industrial functions. 

The Industrial Electronics Reference Book has been written by a group of engineers, 
each thoroughly versed in his particular branch of the subject. These particular authors 
were cho.sen because of their broad experience, d(iep interest, and close association, over a 
period of years, with that phase of the industrial electronics field about which they have 
written. The authors have been intimately associated with the rapidly expanding elec- 
tronics field during the past decade and have imparted many valuable and lasting con- 
tributions to this branch of electrical engineering. 

Chapters 1 through 3 cover the fundamental and theoretical concepts of basic laws 
governing the production and control of electrons. The kinetic theory of gases is reviewed. 
Modern views of atomic structure are discussed, and the electronic theory of solids is 
examined. The theory of electron emission is covered, and the types of emission and emit- 
ting surfaces are discussed. Theories covering the different types of emission, such as 
field emission, secondary emission, thermionic emission, are set forth. The many factors 
entering into the control of free electrons are pointed out. These cover space charge, 
electron motion in magnetic and electric fields, and forces on electrons in magnetic fields. 
Chapters 4 through 10 embrace the design, operation, and construction features of the 
different types of electronic tubes which are the fundamental part of any piece of electronic 
equipment. The design and operation of vacuum tubes, gas tubes, x-ray tubes, cathode- 
ray tubes as well as photoelectric devices and ultraviolet radiators are discussed. Electronic 
circuit components, such as the different resistance forms, capacitance and inductance, 
and also tuned circuits, filters, and transformers, are covered in Chapters 11 through 14, 
and the different circuits for rectifiers, amplifiers, oscillators, and various control circuits 
are presented in Chapters 15 through 18. The design and application factors relating to 
transmission lines and antennas, subjects which are becoming increasingly important in 
the industrial electronics field, are covered in Chapters 19 and 20. 

The many different types of industrial equipment are reviewed in Chapters 21 through 34. 

vii 
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Preface 


Power rectifiers and inverters, radio-frequency heating equipment, power-line carrier 
equipment, electronic instruments, such as electrometers, high-frequency ammeters, time- 
interval and speed meters, stroboscopes, balancing machines, electron microscopes, and 
many others, are explained. Industrial x-ray, motor control, precipitation equipment, 
regulation devices, resistance welding, and photoelectric equipment are discussed. Factors 
influencing design, application, and operation are emphasized. Limitations as well as 
advantages ai*e set forth and discussed. Chapters 35 and 36 have been included to give 
the reader an indication of the factors involved in the care and maintenance of electronic 
tubes and electronic apparatus. 

A list of references appears at the end of most of the chapters so that the reader may 
easily find additional information on any one of the specific subjects involved. 

The Book Committee and the authors wish to acknowledge the work of G. P. Cardwell, 
D. R. Lynch, J. T. Carleton, W. Reid, and C. J. Madsen, who so ably assisted in the task 
of coordinating and following the book material through the production stage. 


WESTINGHOUSE INDUSTRIAL ELECTRONICS BOOK COMMITTEE 


Book Coordinator: 

B. E. Rector, Electronics Engineer 

S. L. Burgwin, Advisory Engineer 
Electronic Control Engineering 

R. N. Harmon, Alanagor of Engineering 
Industrial Electronics Division 

J, A. Hutcheson, Director 
Research Laboratories 


G. F. Jones, Electronics Engineer 

D. D. Knowles, Manager of Electronics 
Engineering 

Lamp Division 

E. H. Vedder, ^lanager of Engineering 
Electronic Control Division 

Chairman: 

F. R. Benedict, Manager 
Industry Engineering Department 


April, 1948 



CONTENTS 


1 Physical Background of Industrial Electronics 1 

E. U. Condon and E. G. F. Arnott 

2 Electron Emission 10 

J. W. McNall 

3 Control of Free Electrons 33 

//. J. Dailey and J. //. Findlay 

4 Electrical Conductioim in Gases 47 

D. E. Marshall 

5 Vacuum Tubes 58 

H. J. Dailey, J. H. Findlay, and E. C. Okress 

6 Gas Tubes 09 

D. E. Marshall 

7 Photoelectric Devices 116 

ir. ir. Watrous and D. E. Henry 

8 Industrial X-Ray Tubes 138 

Joseph Lem pert 

9 Cathode-Ray Tubes 162 

P. E. Volz and P. E. Grandmont 

10 Ultraviolet Radiators 171 

//. C. Rentschler 

11 Circuit Elements 176 

D. G. Little 

12 Tuned (Circuits and Filters 188 

Reuben Lee 

13 Transformers ! ... . 207 

Reuben Lee 

14 Vacuum Tubes as Circuit Elements 228 

W. E. Shoupp 

15 Rectifier Circuits 236 

H. J. Bichsel 

16 Amplifier Circuits 246 

Reuben Lee 

17 Circuits fob Oscillators 261 

E. U. Condon and William Altar 


IX 



X 


Contents 


18 Circuits for Industrial Control 278 

//, J. Bichsel 

19 Transmission Lines 290 

E. U. Condon and William Altar 

20 Antennas 308 

T. M. Bloomer 

21 General Requirements of Rectifier Applications 343 

C. R. Marcum 

22 ]Mercury-Arc Rectifiers for Power Application 348 

G. F. Jones and C. R. Marcum 

23 Inverters 361 

J. L. Boyer 

24 Radio-Frequency Heating 375 

D. Venable and T. P. Kinn 

25 Power-Line Carrier 442 

F. S. Mabry 

26 Electronic Instruments 457 

M. P. Vore 

27 Industrial X-Ray Applications 503 

D. E. Morgan and F. A. Trenkle 

28 Electrostatic Precipitation 526 

E. H. R. Pegg 

29 Electronic Motor Control 533 

K. P. Puchlowski 

30 Regulation 572 

W. O. Oshon and V. B. Baker 

31 Resistance-Welding Control 599 

C. B. Stadum, E. T. Hughes, F. R. Woodward, and H. J. Bichsel 

32 Industrial Photoelectric Control 628 

V, B. Baker 

33 Applications of Ultraviolet Radiations 641 

H. C. Rentschler 

34 Radar: Fundamentals and Applications 645 

Hugh Odishaw 

35 Care and Maintenance of Tubes 659 

C. J. Madsen 

36 Care and Maintenance of Electronic Apparatus 664 

C. J. Madsen 


Index 


671 



Chapter 1 


PHYSICAL BACKGROUND OF INDUSTRIAL ELECTRONICS 

£• U. Condon and E. C. F. Arnott 


1-1 WHAT IS ELECTRONICS? 

E lectronics is that branch of physics or electrical 
engineering which deals with the phenomena of the 
flow of electric currents through vacuum, gases, and 
vapors. This chapter opens the subject with a review of the 
physical background of electronics. The processes by which 
electricity passes from one body to another through high 
vacuum or through gases are more numerous than the ways 
in which electricity passes through a wire, and these processes 
are more intimately bound up with the fundamental nature 
of matter. In fact the study of the processes which are put 
to work in this branch of electrical engineering has l)een one 
of the chief tools of the physicist in learning what we know 
today about electrons, protons, atomic structure, and related 
topics. 


1-2 KINETIC THEORY OF GASES' 


According to modern physics a gas is made up of a large 
number of molecules which occupy only a small fraction of 
the total space taken up by the gas. These molecules are 
independent units which move about wuth ver>" little influence 
on each other except when they collide — like billiard balls on 
a billiard table. For many purposes it is not nece.ssary to 
specify the internal structure of the molecnih's themselves. 

When the gas is at a jiarticular temperature and density, 
its molecules move at random. At any instant some are 
moving fast, others slow ly and in dilTerent directions, and the 
particular behavior of any one changes rapidly as it collides 
with other molecules or w ith the w alls of the containing vessel. 
The most outstanding mechanical property is that the gas 
exerts a pressure on the w’alls of the container, and this is 
interpreted to be due to the large number of molecular im- 
pacts against the wall. The average pressure on the walls is 
equal to tw^o thirds of the total kinetic energy of translatory 
motion of the molecules contained in unit volume. 

For gases at low' enough pressures, and at high enough tem- 
peratures (far enough from the regime of the liquid state), 
the pressure is proportional to the density of the gas and to 
the absolute temperature, and inversely proportional to the 
molecular weight. This is expressed by 


V = 



(M) 


where T is the absolute temperature, p is the density, p is 


the pressure, M is the molecular weight, and R is a universal 
constant. In both engineering and physics in this field it is 
customary to use cgs units. That practice is followed here 
wdth convenient reference to other unit systems. 

If t is the temperature on the Fahrenheit scale, then T, the 
absolute temperature in centigrade degrees, is 

T = + 256 


Density usually is given in grams per cubic centimeter. The 
density of air at 760 millimeters of mercury pressure and at 
32 degrees Fahrenheit is 0.001293 grams per cubic centimeter 
— about } soo the density of water. Molecular w'eight is given 
on the usual chemical scale, which adopts 16 as the atomic 
w^eight of atomic oxygen. Then if p is measured in dynes per 
square centimeter, the gas constant R is 8.314 X 10^ ergs 
per degree per mole. 

A wide variety of pressure units is used in practice. These 
are related as follow's. 

Value in Dynes per 
Unit Square Centimeter 


Dynes jh-T square centimeter 
Micron — 10“® mm Hg 
Millimeters of mercury at 0°C 
Inches of w'ater at 4°C 
Pounds per square inch 
Bar 

Atmosphere 


1 

1.333 

1.333 X 10* 
2.491 X 10* 
6.895 X 10^ 
10 ® 

1.0133 X 10® 


In practical electronics, pressures usually are expressed in 
millimeters of mercury, or in microns, but in theoretical work 
the dyne per square centimeter is more common. 

All gases (at conditions far removed from the liquid state) 
at the same temperature and pressure contain the same num- 
ber of molecules per unit volume. A quantity of material 
whose mass in grams is equal to the molecular w'eight is called 
a mole, and a mole contains the same number of molecules of 
any substance. This number is known as Avogadro’s number 
and is equal to 6.0228 X 10^^. This is, for example, the num- 
ber of molecules contained in 32 grams of oxygen gas, a little 
more than 1 ounce. 

The molecules have a statistical distribution of speeds that 
is kno^vn as the Maxwell distribution law'. It is easy to calcu- 
late the rms speed of the molecules by the formula 
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where the units are as in c(|iiation 1 * 1 . TLhe velocity of a 
sound wave in a gas is given by 



(1*3) 


unit volume ((aibic ccntimetei's), and the effective diameter 
d (in centimeters) of an equivalent spherical molecule by the 
(lausius formula: 




(1-4) 


where 1 < 7 < for all gases, this being the ratio of specific 
heat at constant pressure to that at constant volume. Hence 
for all gases the rms sjx'ed of the molecules is somewhat 
greater than the velocity of sound in the same gas. Some 
typical values (at 15 degrees centigrade) ai*e 

Gas II (ia 10 ^ cm sec) 

Ho ISS.S 

He 133. fi 

Ne 59. as 

Air 49.82 

Hg vapor 18.93 

To convert to feet per second, multiply the listed values by 
32.8, thus getting about U)30 ieet per second for air, the 
velocity of sound being about 1100 feet per second. 



0 .2 .4 .e .8 LO L2 14 1.6 Id 2.0 22. 2A 26 


X 

Fio. 11 Maxwellian distribution f(x) {A/\fTr)x^e~^' dx {dx — 0 . 1 ). 
Shows the distribution of the .speeds among a group of molecule.s. The 
values of R are the fractions of molecules \%ith sfieeds le.ss than that 
determined by the corresponding value of x, where x is the ratio of the 
speed to the most probable si>eed. 

The relative numbers of molecules having various speeds 
are indicated in Fig. 11 , which shows that relatively few 
molecules go either very slowly or ^'ery fast compared with 
the rms speed. 

Deflection of molecules by collision decreases the rate at 
which one gas diffuses into another in spite of the great 
molecular velocities previously mentioned. As a particular 
molecule moves about, it may have several collisions close 
together in space; then, again, it may go a relatively great 
distance before the next collision. These distances between 
collisions are called the free paths, and the average is called 
the mean free path. Evidently the mean free path varies 
inversely as the number of molecules in unit volume and 
inversely as the cross-sectional area of a molecule, for it is 
this target area that determines whether a collision takes 
place. This distribution of free paths is shown m Fig. 1 - 2 . 

For most purposes the mean free path (in centimeters) 
may be calculated in terms of AT, the number of molecules in 


Experimental information concerning 1^ and d is obtained by 
developing theories about heat conduction, vis(!osity, and dif- 
fusion of gases. The rates of all these processes are deter- 
mined primarily by the fact that molecular collisions interfere 
by scattering the molecules before they go far at ordinary 
pres.sures. For the study of electroni(^s the details of this 
part of the theory are not especially important. Rather di- 
verse kinds of measurements on ga.ses are correlated in this 
way and lead to consistent experimental values of the collision 
diameters of molecules. 

For ordinary purposes the following table of mean free 
paths in gast's at 15 degrees centigrade and a pressure of 



p X Ifn 


of molecules which have gone a distance x without collision; x 
of free path; = mean free path. 


length 


1 atmosphere, and the valutas of the effective molecular diam- 
eters as obtained from measurements on gas viscosity, will 
give all that is needed: 


Gas 

Hydrogen 

H 2 

U ( 10 - « cm) d 

11.77 

(10 ® cm) 
2.74 

Helium 

He 

18.62 

2.18 

Neon 

Ne 

13.22 

2.59 

Argon 

A 

6.66 

3.64 

Krypton 

Kr 

5.12 

4.16 

Xenon 

X 

3.76 

4.85 

Methane 

CH 4 

5.16 

4.14 

Nitrogen 

N 2 

6.28 

3.75 

Oxygen 

O 2 

6.79 

3.61 

Methyl 

bromide 

CIIaBr 

2.58 

5.85 

Mercury 

Hg 

8.32 at 219. 4°C 

4.26 


In general the pressure in high-vacuum electronic devices 
is about atmosphere or less, so the molecules go, on the 
average, several centimeters between collisions. In such de- 
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The Structure of Atoms 


vices the molecules usually go from wall to wall with little 
chance of striking another molecule. The mean free path 
of an electron moving among the molecules of a gas plays an 
important role in determining the way in which the electric 
discharge takes place in the gas and is 4\/2 times the mean 
free path for molecules. 

1-3 THE ATOMIC NATURE OF ELECTRICITY 2 

In the older experiments on electrostatics and electric cur- 
rents there is no indication that electric charge is anything 
but a continuous fluid — just as one does not recognize the 
molecular structure of water from the study of hydraulics. 
The existence of electrons and their properties, although inter- 
esting, therefore hardly plays a role in the classi(‘al field of 
ele(;trical engineering. This is entirely different in electronics, 
which is founded on the detailed (consideration of the ekmien- 
tary atomic; units of charge. 

The ways in which elementary sul)stances combine to form 
chemical compounds can be explaiiK'd by saying that matU^r 
consists of atoms of definite elements. Similarly, the fir.st 
evidence that electric charge always occurs in definite units 
(came with the discovery that, in electroplating, a definite 
amount of electric charge is needed to plate a gram mole of a 
univalent metal. This amount of charge is called the faraday 
and it is equal to 9(),»‘500 coulombs. 

This is interpreted by saying that the univalent metal ions 
in solution, as for example each silver ion in silver nitrate 
solution, bear a definite electric charge such that the total 
(charge carried by a gram mole of them, that is 0.0228 X 10**^ 
of them, is equal to 90,500 coulombs. Therefore the charge 
on each of them is 

90,500 

e = — = 1.00 X 10 coulomb (1-5) 

0.0228 X 10“^ 

It is generally believ(Ml that all electric charge occurs in 
amounts that arc multiples of this basic unity which is called 
the electronic charge. 

Studies first made in the 1890\s by J. J. Thomson on deflec- 
tion of cathode-ray beams by electric and magnetic fi('lds, in 
tubes that were primitive forerunners of the modern cathod(*- 
ray tube, indicated that such beams behaved like a stream of 
charged particles moving according to known mechanical 
laws. From these experiments the ratio of the charge to the 
mass of each particle could be determined. The modern ac- 
cepted value for this quantity is 

(> 

— = 1.76 X 10® coulombs per gram (1-6) 

m 

This is a large value compared with the same (piantity for 
the lightest atom, hydrogen, for which 

— J = 0.958 X 10* coulombs per gram (1*7) 

m/ hydrogen 

These results are interpreted by supposing the cathode-ray 
particles to have the same charge as the hydrogen ions in- 
volved in electrolysis, but to have a mass that is Hsa? of 
the mass of the hydrogen. These little negatively charged 
bits of matter are called electrons. According to modern views 


all matter is made up of atoms, which are themselves con- 
structed of electrons and positively charged central nuclei 
that are relatively massive. Because of their small mass com- 
pared with the natural units of i)ositive (*hargc, electrons gen- 
erally move mucfi more rapidly in electri(c fields, and so usually 
ele(ctric currents arc predominantly due to motions of these 
migativc charge's, although this is by no means always the case. 

Positive ions in gas discharges have been studied, but never 
have shown particles of large e/m like that of electrons. The 
values are always (comparable to the values of c/m appearing 
in electroljdic ions. 

On the basis of this kind of evidence we conclude that 
negative electric charge comes in small units called electrons 
whose mass is about 3 (837 ^f hydrogen, the lighU^st 
atom known. Positive electric charge is always associated 
with masses of the same magnitudes as those of the atoms of 
matter, the magnitudes of the charge being the same as of 
the electron. (This statement overlooks the existence of the 
positron, a particle with positive charge and mass the same 
as the electron, which is observed only in experiments in- 
volving potentials of millions of volts or in nuclear trans- 
formations or cosmic-ray studies and which thus far has 
played no role in industrial electronics.) 

1-4 THE STRUCTURE OF ATOMS* 

The modern views of atomic structure are built on the 
i(l(^as of Kutherford and Bohr, whi(ch were stated about 1912. 
According to their views, each atom consists of a central 
positively charged nucleus, whi(ch contains most of the mass 
of the atom, surrounded by enough electrons to make the 
atom electrically neutral, ^'lie atoms of the diff(?r(mt chemical 
elements are distinguished principally by the number of such 
electrons and correspondingly by the magnitude of the posi- 
tive charge on the nucleus. 

The massive central niucleus is itself a (composite structure 
made up of two kinds of particles. These are protons, which 
are simply the positively charged nuclei of ordinary hydrogen 
atoms, and neutrons. Neutrons are particles having almost 
the same mass as protons, but having no electric charge. 
The nature of the forces whi(ch hold these particles together 
within the nucleus is not fully known, and it forms one of the 
important problems of nuclear physics, which is the investiga- 
tion of the properties of the atomic nucleus.”* 

Although changes in the nucleus can be produced artifi(cially 
by special high-voltage bombardment with positive ions, and 
although they occur spontaneously in naturally radioactive 
materials, they have played no role up to now in industrial 
electronics and will not be discussed here. It will be noted 
in passing that one can produce artificially radioactive mate- 
rials which are destined to play a great role in industrial 
chemistry and in medicine in the future. 

The number of electrons in the atom is called its atomic 
number, and each chemical element is distinguished by a 
particular atomic number. These are given in Table 1-1 
in which the known elements are arranged in a periodic table. 
The goal of atomic theory, which is well on its way to having 
been achieved, is to correlate all physical and chemical prop- 
erties in terms of the detailed working out of this picture of 
atomic structure. 
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Table 1*1 


PERIODIC TABLE 


VIA VIIA 


(Ba) 


(Na) 


lA 

IIA 

81*1 

4 Be 

6.94 

9.02 

KL 

KL 

8*1 

9*2 

11 Ma 

12 Mg 

22.997* 

24A2 

KLM 

KLM 

9*8*1 

9*8*2 



IIIA IVA 
tnM^UETALS 


Atomic Mumbar-*! > Ba 
Atomie W«Iirbt -Ji 
~ ~leotron O rbito ^ K. 

ElBctPoni I d 


Tb« diffarent tbiekoMMS of the olopinff lines reproeont different de- 
g reee of eimUnrit/ between A-Gronpo end B-Gronpea Tbne IVA end IVB 
are very ekieely related, bat lA and IB only eliirbtlya 
Tbe scale at tbe bottom of tbe table sleea tbe moat important valeneea 
(yalenee numbers) for each element. A valence number in excess of 8 
is usuaUy shown only when tbe riven element is in aaaoeiation with 
another (commonly oxysen); Mn. for example^ )n penaanganats*!^ 

llBOr.h.a.a.lmm.nomb.rot-l-7 HEAVY IBITAtS 


6D 

60 

71f 

80 

9F 

10 Mel 

10.82 

12.00 

14.008 

16.000 

19.00 

20.188 I 

KL 

KL 

KL 

KL 

KL 

KL 

9*8 

9*4 

9*6 

9*6 

9*7 

9*8 

MAI 

14 81 

16 P 

16 8 

17 Cl 

18 A 

26.97 

28.06 

81.02 

82.06 

36.467 

89.944 

KLM 

KLM 

KLM 

KLM 

KLM 

KLM 

9*8*8 

9*8*4 

9*8*6 

9*8*6 

9*8*7 

9*8*8 



I 19 ] 


KLl, 

d-8 r 


KLM U 
8*8*18i 


KLMlJ 

••8‘18P 


1 20 Ca| 
40.08 

MN 

8*2 


1 89 Y 


66 Co I 
132.91 
NOP 1 
1S-8*1 


67-71 
I Rare 
iBarth 
hletalol; 


|28 T1 
47.90 
MN 
10»2 

1 40 Zr 
91.28 
NO 
10«2 
78 nr 

178.6 

NOP 

[38*10< 


78 Ta 
181.4 
NOP 
|3341i2|; 


|24 Cr I 
62.01 
MN 
18 «1 

1 42 Mol 
96.0* I 
NO 
13«1 
74 W 
184.0 
NOP 
|38*12-2| 


26Mn| 

64.98 

MN 

13-2 


76 Bo 
186.81 
NOPtf 
88Q8-£| 


26 F^27 Oo I 28 Mi 
66.84 68.94 68.69 

MN \ MN ‘ MN 

14«8 * 16»2 16«8 

44 Ra|46 Rh]46Pd 
a01.7iri02.9lllll06.7 

i6«l- 16*1 18«( 

76 Os i 77 Ir 
191.6 198.1 

[KOP-»NOP 
lajbiitf a8dJ»o| 


78 Ft 
196.Y8 
OP< 
iMKlM 




Outer electron-! 


Figures in bold-faced | 
type indicate com- 
I pieM electron-groups.| 
Dup built up to 8 


INERT 

QASES 


47 Ag 

107.8801 

NO 

18*1 


fiO Zn 
66 A8 
MN, 

1 18*2 
48 Cd 
112.41 
NO 
18*2 
80 Hg 
200.61 
NOP 
L 38*18*2 


81 Ga 
69.72 
MN 
18*8 
49 la 
114.76 
NO 
18*8 
81 T1 
204A9 
NOP 
|33*18*8| 


82 Oe] 
72.60 
MN 
18*4 
60 8n 
118.70 
NO|| 
18*4^1 
82 Pb 
207.22 
NOP 
|38*18*4 


88 As 
74.91 
MN 
18*6 
61 Sb 
121.76 
,NO 
18*6 
88 B1 
209.00 
NOP 
|38*18*l 


84 So 

78.96 
MN 
18*6 
62 To 
127.61 
NO. 
18*6 


86 Dr I 
79.916 [ 
MN 
18*7 

68 1 
126.92 
NO 
18*7 


|64 Xe| 
131.8 
NO 
18*8 
if 186 Ra| 


NOP 
18«7| 


6138 


NOP I 
|38*18*l 


(Ra) 

KLMN 


I 87 f 
nPPQ 







£ 




'\lm 






if 




THE ACTINIDE METALS AREi 


92 U I 98 Mp I 94 Ptt I 95 Am I 96 
O P O Synthetie Elementt 


Cm I 



86 60 66 60 66 70 76 80 86 90 ^ 
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The atom is by no means a simple system in which the 
electrons move around the nucleus according to Newtonian 
laws of motion obeying the usual forces between electric 



Fio 1*3 Electron diffraction photograph of cobaltoua oxide. 


charges. On the contrary it has been learned during the past 
30 years that the behavior of electrons in atoms and molecules 
is governed by a different set of physical laws having some 
surprising characteristics to one who is versed in the me- 
chanics of ordinaiy bodies. 

The mechanical principles applicable in atomic theoiy are 
known as quantum mechanics} This forms an extensive part 
of modem physics. One of the most extraordinary things 
about a beam of electrons is that it behaves in some ways as 
if it were a wave motion instead of a stream of particles. 
In fact there is no proof that a beam of electrons is one or 
the other, for it has some of the attributes of a stream of 
particles and some of those of a wave motion. This peculiar 
duplex character is one of the mast puzzling things in modern 
physics, and the nature of a cathode-ray beam is not com- 
pletely understood in spite of the fact that enough is known 
to cover all practical cases likely to arise. 

To be more explicit, a cathode-ray beam behaves like a 
stream of particles in the way it is deflected by electric or 
magnetic fields. In fact it was by such calculations that 
e/m was measured experimentally. But it behaves like a 
wave motion when it is scattered by going through a thin 
plate of crystalline material. Figure 1*3 shows the pattern 
produced by allowing electrons from an originally sharp beam 
to fall on a photographic plate after it has traversed a thin 
film of cobaltous oxide. The sharp rings in the picture show 
that the electrons are scattered in definitely determined direc- 
tions. This phenomenon is known as electron diffraction} 
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Electron diffraction can be interpreted by assuming that if 
the electrons, regarded as moving particles with velocity v 
centimeters per second, are scattered by a crystal lattice 
they are scattered as if they were a wave motion of wave- 
length, 

h 

X = — (1.8) 

mv 

in which h is Planck's constant (6.62 X 10“^^ erg-second) and 
m is the mass of the electron in grams. In a more practical 
and convenient form. 


X 


/IW 

“ X 10 * centimeter 


(1*9) 


in which the electrons have the speed acquired by being ac- 
celerated from rest through a potential drop of V volts. 
Therefore the wavelength associated with electrons accel- 
erated by 15 kilovolts is 10“^ centimeter, which is smaller 
than the separation of the regular layers of atoms in any 
crystal. 

This is just one example of wave phenomena in the quan- 
tum mechanics of electronic motion, but it is an important 
one because it indicates that ele(;tronic behavior does not 
always follow classical mechanical laws. 


1-6 ATOMIC ENERGY LEVELS ^ 

The most outstanding characteristic of atoms and mole- 
cules is that they can exist only in certain sharply defined 
states of total energy. This is in sharp contradiction to 
ordinary mechanical systems. For example, a flywheel on 
a shaft may turn with any angular velocity, depending on 
starting conditions, and hence may store any amount of rota- 
tional kinetic energy. 

But in the mechanics of atoms and molecules only particu- 
lar energy values are allowed, and the system cannot exist 
in a state in which its total internal energy is different from 
one of these allowed values. The particular allowed values 
for an atom are a characteristic of that atom and have much 
to do with determining its other physical and chemical 
properties. 

The state of least total energy for a particular atom is called 
its normal state; the higher energy levels are called excited 
states. The first state above the normal state is often called 
the resonance level. 

These levels determine the wavelengths of light and x-rays 
which the atom is capable of emitting. If by some means an 
atom is in an excited state of which the total energy is TFi, 
it can in general make a transition to a state of lesser total 
energy W 2 and in so doing emit light of frequency v (cycles 
per second) given by the relation 

W 2 (MO) 

where h is again Planck's constant. This relation affords a 
means of determining energy levels by analysis of the fre- 
quencies of the light in the spectrum of the material. 

This existence of discrete energy levels for atoms is re- 
sponsible for their behaving like elastic billiard balls under 
ordinary conditions in a gas. If an atom is in its normal 
state and collides rather gently with another atom, then, if 


the energy available is insufficient to put the atom in an 
excited state, it must leave the atom unaffected after the 
collision, since intermediate values arc not allowed. 

The same thing is true of excitation of atoms by electron 
impact. If an electron strikes an atom at a speed such that 
its energy is too small to raise the atom to the first excited 
level, then it is unable to give to the atom any energy (except 
for a small change in the translational speed of the atom as a 
whole due to its recoil, but this is small because the atom is so 
much more massive than the electron). 

As an atom rises to states of higher and higher energy this 
usually corresponds to a sequence of states in which one of the 
electrons of the atom is less firmly bound to the atom. Finally 
there is a limiting state of energy corresponding to the com- 
plete removal from the atom of one of its electrons, leaving a 
singly charged positive ion, an atom with one electron less 
than the number needed to make it electrically neutral. 
Above this energy comes a sequence of levels corresponding 
to looser and looser binding of a second electron of the atom 
until finally there is a state corresponding to removal of two 
of the atomic electrons to give a doubly charged positive 
ion, and so on. 

Just as emission of light is associated with a transition 
from a higher state to a lower state of energy, so also if an 
atom is in a lower state W 2 it can be raised to a higher state 
Wi by absorption of light of frequency v given by equation 
1-10. If the frequency is high enough, the absorption of 
light may raise the atom to a state corresponding to ejection 
of one of the atomic electrons, leaving a positive ion. This 
process is known as photo-ionization and is important for 
the conduction of electricity in gases. 

Yellow light has a wavelength of about 6000 X 10~* 
centimeter and hence y = 5 X 10^^ cycles per second, and 
go hv == 3.31 X 10““^^ erg. This gives the magnitude of the 
difference in the energy levels of an atom involved in the 
emission of yellow light. A more convenient way of express- 
ing the levels for electronics is to express their energy in terms 
of electron volts. An electron volt is the amount of energy 
acquired by an electron on being accelerated freely through a 
potential difference of 1 volt. This is 1.60 X 10””^® watt- 
second or 1.60 X 10“^^ erg. Hence the energy difference 
involved in emission or absorption of yellow light is 2.06 elec- 
tron volts. 

An electron which has been accelerated through V volts 
(and so has V electron volts of energy) has 1.60 X 10""^* F 
erg of energy and is therefore capable of raising an atom to a 
state from which, by dropping back to its normal state, it 
could emit radiation of wavelength X such that hc/\ = 
1.60 X lO^^^F (where c = 3 X 10^® centimeters per second), 
or X = r2,395/F (where X is in units of 10“® centimeter). 
Thus an atom must be excited by electrons having more than 
1 volt of energy to emit visible radiation, and 10 volts suffices 
to make possible radiation in the deep ultraviolet. This rela- 
tion holds also in the x-ray region and shows that thousands 
of volts are needed to get x-rays of wavelengths less than 
lO”"* centimeter. 

Since in electronics the electron volt is the most convenient 
unit of energy, the ionization energy of an atom is sometimes 
called the ionization potential. Tiie Jonization potential of an 
atom or molecule is the voltajge drop through which an elec- 
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iron must be freely accelerated to acquire enough energy to 
be able to ionize the atom or molecule by removal of one 
of its electrons. Generally the elements most electropositive 
in the chemical sense are the ones with the lowest ionization 
potential. The potentials corresponding to excitation of the 
atom to excited states are called the critical potentials of the 
atom. 

It is important to know the critical potentials of the atoms 
and molecules involved in gaseous discharges. Some of the 
principal values (in volts) are: 


Gas 

Excitation 

Ionization 

Helium 

19.73 volts 

24.47 volts 

Neon 

16.60 

21.47 

Argon 

11.57 

15.69 

Krypton 

9.9 

13.94 

Xenon 

8.3 

12.08 

Mercury 

4.66 

10.39 

Sodium 

2.09 

5.12 

Potassium 

1.60 

4.32 

Hydrogen (molecular) 

11.0 

15.4 

convenient to indicate 

energ>" levels 

of an atom by an 


energy-level diagram in which levels are indicated by hori- 
zontal lines with reference to a vertical scale of energy values. 


by emitting radiation. Another interesting phenomenon is 
that of super-elastic collisions: A previously excited atom 
struck by an electron may return to its normal state by giving 
up its excitation energy to the impacting electron, which 
therefore goes away with more energy than it originally had. 
These are important in some gas discharges. 

Some gas atoms and molecules can attach an extra electron 
to themselves in a stable way, making negative ions? Nega- 
tive charge in this form behaves differently from free elec- 
trons. Materials known in chemistry as strongly electro- 
negative do this most readily; for example, chlorine gas and 
carbon tetrachloride vapor. This accounts for the quenching 
action of such gases on corona discharge. 

Some molecules can be dissociated into smaller fragments 
either with or without ionization. This is the basis of chem- 
ical reactions produced in certain discharges, such as the 
formation of ozone in a corona discharge in air.^® 

1-6 IONIZATION FUNCTIONS 

In considering excitation and ionization of atoms or mole- 
cules by electron impact, a distinction must be made be- 
tween whether a process can happen in the sense of there 
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Fia. 1 • 4 Energy-level diagram of the lower states of mercury. 


Then the different lines in the spectrum can be indicated by 
vertical lines showing energy levels between which the transi- 
tion responsible for each line occurs. Figure 1 *4 is an exam- 
ple of such a diagram. It is for mercury vapor, chosen 
because of the importance of mercury-vapor discharges in 
industrial electronics. 

The atom is unlikely to make transitions from some of its 
excited states. These are called metastable staies? If the 
atom is put into a metastable state by any means it remains 
in such a state for a relatively long time imtif it gives its 
energy to some other atom or to the walls in a collision. 
Ordinary excited states of the atom do not last more than 
about 10“® second before the atom returns to a lower state 



Fiq. 1*5 Ionization functions for common atoms. Number of ions 
formed per centimeter path per millimeter pressure at 25 "C. (Reprinted 
with permission from Compton and Van Voorhis, Phya, Rev,, Vol. 27, 
p. 724, 1926.) 

being enough energy to permit it and the likelihood of its 
actually happening. 

If an electron is moving with a certain energy V (measured 
in volts) through a gas containing N molecules per cubic 
centimeter, then the average distance it will go before experi- 
encing a collision resulting in ionization of the atom is called 
the* mean free path for ionization. This is given by 

1 

IfS 
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where S (in square centimeters) is a quantity characteristic 
of the atom called its effective cross section for ionization. 
The larger S is, the more likely is the electron to strike one 
of the atoms. S depends on the energy of the electron and 
is zero for values of the energy less than the ionization poten- 
tial. S as a function of energy is known as the ionization 
function. This has been determined experimentally for 
several gases, and the results are shown in Fig. 1*5. It is 
possible, though less likely, for an electron of sufficient energy 



Fig. 1*6 Ionization funel ions for mercury. Number of singly, doubly, 
triply, quadruply, and quintuply charged mercury ions formed per 
electron per centimeter path pcT millimeter pressure at 0°C and effec- 
tive cross-sectional area of the mercury atom. (lieprinted with per- 
mission from Walker Bleakney, Phya. Rev., Vol. 35, p 145, Jan. 15, 

1930.) 

to knock off several electrons at one impact, forming a multi- 
ply charged positive ion. These processes have been particu- 
larly studied for mercury vapor by Bleakney whose results 
are shown in Fig. 1*6. 

The general magnitude of the effective cross section is what 
would be expected for collision with an atom that is about 
10“® centimeter in diameter, which is the magnitude found 
from kinetic theory. S becomes very small for high-energy 
electrons. Although they have plenty of energy to ionize, 
they apparently move through the atom too fast to bo effec- 
tive in producing ionization. The penetrating power of high- 
energy electrons is foreshadowed in these results. 

1-7 ELECTRONIC THEORY OF SOLIDS 

Quantum mechanical theory has also greatly extended our 
fundamental knowledge of the behavior of electrons in solid 
materials. The mathematical difficulties are very great, so 
this part of the subject is less developed than the theory for 
isolated atoms. 

Electrically the most important distinction among solids is 
that between good conductors which are metals and good 
insulators which are non-metals. It is desirable to break the 
classification down further to include a class known as semi- 
conductors. These are materials like zinc oxide or cuprous 
oxide whose conductivity is much poorer than ordinary 
metals but much better than insulators. In contrast with 
metals the conductivity increases with increasing tempera- 
ture. The conductivity of semi-conductors is believed to be 


due in all cases to the effect of impurities or slight departures 
of the composition from that of the chemical formula. The 
conductivity values are extremely sensitive to the purity and 
to the means of preparation of the material. 

The non-coiiductors may be further classified into types as: 
(a) glasses or super-cooled liquids which do not have a well- 
defined crystal structure; (6) ionic crystals, like sodium 
chloride or magnesium oxide, distinguished by electrolytic 
conductivity at high temperatures; (c) valence crystals, like 
diamond and quartz, distinguished by great hardness, irregu- 
lar cleavage, and very low conductivity; and (d) molecular 
crystals, such as the rare gases, hydrogen or methane, when 
cooled below the melting point. 

The electrons in a metal are of two kinds, bound and free. 
The bound electrons arc those which make up the inner 
shells of the atoms and exist in essentially the same states 
as when the atom is in the gaseous state. It is transitions 
between states of these tightly bound electrons that are in- 
volved in the emission and absorption of x-rays by matter. 
The fact that the x-ray spectra are very little changed by 
chemical combination or changes from gaseous to solid state 
shows that the inner electrons arc not affected by such 
changes. 

The outer electrons, wdiich are the valence electrons when 
the atom is in cheriical combination, are the ones which 
become the free electrons in the metal. Exact description of 
their motion is too difficult a problem to have been solved 
thus far. The general picture given by the theory is some- 
thing like this: 

Consider, for example, metallic copper which in the metallic 
state is regarded as having one free electron per atom. This 
means that there would be approximately 8.4 X 10^^ free 
electrons per cubic centimeter. The atoms are arranged in 
a face-centered cubic lattice (Fig. I*?) of which the edge of 
a basic cube is 3.609 angstroms, the distance apart of nearest 
neighbors being 2.55 angstroms. (An angstrom is 10“® 
centimeter.) Any electron moves under the influence (jf 



Fig. 1 • 7 Face-centered cubic lattice. 


forces of attraction drawing it to the atoms and of forces 
of repulsion between itself and the other electrons. The 
complicated effect of the other electrons can be approxi- 
mately replaced by a smoothed-out average field of force. 
Thus it is possible to think of each electron as moving in an 
average constant field. Instead of speaking of the force 
field directly it is more convenient to describe the field in 
terms of F(x, y, z), the potential (volts) of this average 
electric field acting on the electrons. The potential energy 
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of an electron in this field is then — eF, where e ~ 1.60 X 
10"^^ coulomb is the magnitude of the charge on the electron. 
Of course, V exists in three dimensions but its main qualita- 
tive properties are indicated in Fig. 1 *8 in which the ordinates 
represent — V which is the potential energy in electron volts. 
The abscissas indicate distance in the crystal in some plane 
which includes the nuclei of some of the atoms. 



Fia. 1-8 Periodic potential energy of an electron in a metal lattice. 


The deep negative valleys in the — V plot are the result of 
the strong attraction of each nucleus for the electron. Where 
the curve is level between atoms, the opposite forces due to 
nuclei in oppasite directions are balanced. At the right of 
the diagram conditions near the surface of the metal are 
shown. The electron is attracted to the metal as a whole so 
that the potential energy is higher outside the metal than 
inside. 

According to quantum mechanics only certain total energies 
are allowed for the electrons, just as in the case of atoms. 
Here the theory gives the result that the allowed energy 
levels come in bands. Within a band the permitted levels 
lie so close together that they seem to form a practically con- 
tinuous range of allowed values. Outside a band the levels 
are not allowed. 

Another important fundamental rule is the exclusion princi- 
ple. According to this, in any system in which there are 
several electrons, it is not possible for more than one electron 
to be in each allowed energy level. This rule is well founded 
in many parts of electronic physics. 

If there are as many electrons in the system as there are 
allowed levels in a band, then there will necessarily be one 
electron in each allowed level. There corresponds a certain 
average motion of translation of an electron in each level, 
and the levels come in pairs in such a way that when every 
level is filled this corresponds to no net average motion 
of the electrons. 

This is the situation which occurs in an insulator. The 
valence band of levels is completely filled so there is no net 
motion of the electrons. When a moderate electric field is 
applied, there is still no net motion of the electrons until the 
field becomes so great that electrons are caused to go into the 
allowed levels of a higher band. The higher band, being 
nearly empty, permits a net motion of electrons in the direc- 
tion against the field. Some attempts to calculate the break- 
down strength of insulators from this point of view have been 
successful enough to give confidence that the general inter- 
pretation is correct. 


The concept of a semi-conductor is that this is a material 
which in an ideal state of purity would be an insulator, hav- 
ing a completely filled electron band. However, the electron 
band is disturbed by impurities (where slight departure from 
ideal chemical composition also counts as an impurity: CU 2 O 
with excess oxygen is therefore regarded as having oxygen 
impurity). Either this may act to trap some electrons near 
impurities, leaving the nominally full band not quite filled, 
or it may act to provide more than enough electrons to fill 
a band so that these go into the next higher band. In either 
case there is a departure from exact filledness of a band, and 
some conductivity results. 

A metal, on the other hand, is a material in which there 
are not enough valence electrons to fill the valence band of 
allowed levels. Normally there is no average current flowing 
in the metal because in thermal equilibrium there tend to 
be equal numbers of electrons moving in each direction just 
as in a gas. However, with the application of an electric 
field a few more electrons go into states of motion against the 
field, giving rise to a net current. Because of the thermal 
agitation of the atoms in the lattice the electrons are con- 
tinually being scattered by collisions, and this gives rise to 
the energy dissipation connected with the finite electrical re- 
sistance of a wire. As the temperature is lowered toward 
absolute zero this thermal agitation of the atoms is greatly 
reduced, and so the electrons are scattered less and the re- 
sistance is reduced. 

At absolute zero of temperature the electrons will fill the 
levels of the allowed band up to some highest energy, as 
indicated in Fig. 1 -9. All the levels lower than TF,- are filled 
and all the levels above TF,* are empty. At moderate tem- 
peratures this situation is altered. Owing to thermal motions 
some of the electrons occupy levels higher than TF,*, and 
therefore some of the levels below TF, are not filled. The 


W| 


Fig. 1*9 Partly filled electron energy band in a metal. 

approximate range of energies over which this occurs is 
about kT on either side of TF,-, where k = 1.38 X 10”“^® erg 
per degree is the Boltzmann constant and T is the absolute 
temperature in centigrade degrees. Expressed in electron 
volts the Boltzmann constant is A; ** 8.67 X 10“"® electron 
volt per degree, so that at ordinary temperatures {T = 300 
degrees) kT is about of an electron volt. 
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The energy distribution for the free electrons in a metal GaaeSf L. B. Loeb, McGraw-Hill, 1927; The Dynamical Theory of 


is shown in Fig. 1 • 10 for both 0 degrees and 1600 degrees 
absolute. The shape of the distribution curve, even for the 
higher temperature, is very different from the Maxwellian 



Fia. 1 • 10 Energy distribution of free electroas in a metal. 


distribution of Fig. 1*1, and this fact plays an important part 
in the proper explanation of the phenomena of electron 
emission. 
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ELECTRON EMISSION 

J. W. IVIcNall 


B ecause of its important duty, the electron source 
(usually referred to as the cathode) can be con- 
sidered the heart of ever>’' electronic tube. The phe- 
nomenon of taking electrons from the external circuit and 
making them available as free electrons, to whatever vacuum, 
gas-, or vapor-filled region is desired, is defined as electron 
emission. In order to use electronic tubes intelligently, it is 
essential to be familiar with the characteristics of the various 
electron emitters and the theories of electron emitting proc- 
esses because they determine many of the tube limitations 
and capabilities. 

21 THEORY OF ELECTRON EMISSION 

There are four general classifications of electron emitters: 
(1) thermionic, (2) field, (3) photoelectric, and (4) secondary 
emitters. Although these four types of electron emitters 
are radically different in their physical and operational char- 
acteristics, their mechanisms of emission are similar from 
the standpoint of the electron theory of metals and semi- 
conductors. 

As shown in Chapter 1, potential-energy distribution in a 
metal can be represented by Fig. 1-8. At a temperature of 
absolute zero, the maximum potential energy of an electron 
is Wij the distribution of electrons having energies below Wi 
being as shown in Fig. 1-10. An electron outside the metal 
(at infinity) has potential energy Wa- The difference between 
Wa and Wi is known as the work function <t>. It is different 
for different metals; hence it is a characteristic of the metal. 
The values of potential energy, kinetic energy, and work 
function usually are considered in terms of electron volts 
which are related to ergs by the expression 

One electron volt = l.GO X 10“”^^ erg (2-1) 

The w'ork function therefore is the minimiun energy that 
must be imparted to an electron so that it can be emitted 
from a metal at absolute zero. Although the metal contains 
many conduction electrons that arc free to move throughout 
its interior, these electrons cannot escape from the metal at 
normal temperatures because as they arrive at the surface 
they are confronted by a potential barrier beyond which 
they cannot pass. To allow an appreciable number of elec- 
trons to overcome this potential boundary, sufficient energy 
must be imparted so that they can overcome the work func- 
tion of the surface, or the height of the surface barrier must 


be reduced by applying strong external electrostatic fields 
to the surface, '^rhermionic, photoelectric, and secondary 
emission depend upon imparting energ>'^ to the electrons; field 
emission results from a reduction in the height of the surface 
barrier. 


2-2 CONTACT DIFFERENCE OF POTENTIAL 


In Section 1 • 7 it w'as shown that an electron has a low^er 
potential energy betw^een two nuclei than it would have in 



Fio. 2'1 Potential-energy diagram for two metal surfaces nearly in 

contact. 


the absence of one of the nuclei. This results in a potential 
barrier at the surface as shown in Fig. 1 *8. If a second metal 
is brought near the first, so that their surfaces are separated 
by only a few interatomic distances, the potential barriers 
of the two surfaces interact, and the resulting potential 
barrier between them is as show n in Fig. 2 1. If these two 
metals (A and B) are different, they have unequal work 
functions, and and of course have potential barriers 
of different heights. If the two surfaces are brought into 
contact, as in Fig. 2-2, the IF, levels of the two metals adjust 
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Fio. 2*2 Physical arrangement of two dissimilar metals for explaining 
contact difference of potential. 

themselves to the same value, electrons flowing from the 
metal A, of lower work function, to the metal fi, of higher 
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work function.^’ ^ Figure 2*3 shows the potential-energy dia- 
gram for the two metals and their surfaces at the junction 
m-n. Ihe potential barriers for both surfaces have disap- 
peared. At the gap M-N between the other two ends of 
metals A and B (see Fig. 2-2), Wu and Wis still coincide, 
but WaA does not coincide with Wan, and the potential dia- 
gram between the two surfaces shown in Fig. 2*4 results. 



Fiq. 2-3 Potential-energy diagram for two metal surfaces in confect 
(m-n junction of Fig. 2-2). 

The dashed line joining WaA and Wan indicates an electro- 
static field in the gap M-N. According to the principles of 
electrostatics, the field represented by the dashed line must 
bo produced by surfacie charges. These charges were sup- 
plied to the surface by the flow of electrons from the metal 
of lower work function to the one of higher work function 
(A to H) when the contact was mack; between the two metals 
at m-n. At absolute zero, the difference in heights of the 



1— Wos 

Fia. 2*4 Pot/cntial-encrgy diagram of gap {M-N of Fig. 2-2) Ixdwecn 
two dis.similar metals. 


WaA and WaB levels, expressed in electron volts, is defined as 
the contact difference of potential <t)c. At absolute zero 

<t>c — <t>B — <t>A (2-2) 

At higher temperatures the contact difference of potential 
is only slightly different from its value at absolute zero.- 

2-3 THERMIONIC EMISSION 

The most generally used type of electron emitter is the 
thermionic cathode.^ Thermionic emission results from the 
absorption of sufficient thermal energy by the conduction 
electrons to enable them to overcome the work function and 
leave the cathode surface. According to experiment, therm- 
ionic emission current increases with emitter temperature, 
the rate of increase being greater at higher temperatures, 
as shown in Fig. 2-5. To explain this important char- 
acteristic, only those electrons which have velocity compo- 
nents directed perpendicular to the surface of the metal need 
be considered. Imagine a system of rectangular co-ordinates 
in which the a^-axis is normal to the surface. By using the 
Fermi-Dirac energy distribution,^ an expression for the num- 
ber of electrons having energies between Wx and Wx + dWx 


(associated with corresponding values of ar-directed velocities) 
which pass a unit area in the y-z plane in unit time can be 



Fio. 2*5 Variation of thermionic emission with temperature. (Re- 
printed with permission from Applied Electr(mtc8t by the Klectrical 
Engineering Staff, M.I.T., published by John Wiley, 1943.) 


derived. If this number of electrons is designated by 
N{Wx) dWxf then to a good approximation ^ 

^wm^JcT 

N(W^) dW^ = — - - ( 2 - 3 ) 

where me — the electronic mass 

k == Boltzinann^s constant 
h = Planck constant 

T = the absolute temperature in centigrade degrees 
c = the Naperian base. 

Figure 2-6 illustrates the variation of the distribution func- 
tion N{Wx) with associated energy Wx for temperatures of 
al^solute zero and 1500 degrees Kelvin. To surmount the 
potential barrier and be emitted, however, the electron must 
have not only an j:-directed velocity component, but also a 



Fig. 2 6 Variation of the distribution function N{Wx) with associated 

energy Wx. 

kinetic energy associated with that velocity at least equiva- 
lent to the work function of the surface. By integrating 
equation 2-3 from Wx = Wa to Wx — an expression for 
the number of emitted electrons is obtained. The value of 
this definite integral for 1500 degrees Kelvin is equal to the 
area under the dotted curve of Fig. 2-6 to the right of the 
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ordinate Wx = Current carried by electrons is equal 

to the miinber of electrons emitted per second multiplied by 
the ek'ctronic charge; so the equation for the thermionic 
emission current density in amperes per square centimeter 

becomes 


Table 2-1 Experimental Value of the Work Function and the 
Thermionic Emission Constant for Several Metals (Continued) 


where 


and 


T — rp'Z -t^ kT 


b = 




(2-4) 


k 

Using the classical theorv’ of free electrons, in which electrons 
in a metal are assumed to behave as an ideal gas and to have 
momenta which obey the Maxwell-Boltzmann distribution 
function, Richardson • derived the expression 


I = at 




(2*5) 


Richardson,’ Wilson,* and others obtained the following simi- 
lar equation 

I = (2-6) 

by basing their derivation on thermodynamic principles. 
Dushman • also derived an expression for Ay sometimes 
called the thermionic emission constant, which is now known 
to have the value 

^Tmekh 

A . — (2.7, 

which is identical to the value of A obtained in the derivation 
of equation 2*4. Substituting values, 

*4 = 120.4 amp/cm^ deg^ (2*8) 

Although careful measurements of thennionic emission from 
pure metals have been made by Langmuir,'® Nottingham," 
and others," it is impossible to determine whether equation 
2*5 or equation 2*6 is the more consistent with experimental 
results because the exponential term varies with T much 
more rapidly than or Such measurements, however, 
determine A to be about 60 for nearly all metals, the one 
unexplainable exception being platinum, which, according 
to DuBridge,'* has a value of 17,000. A more recent deter- 
mination by Whitney, however, resulted in a value of A of 
32 for platinum. Experimental values of A and of the theimi- 
onic work function 0 for several metals are shown in Table 
2-1. Many explanations have been proposed to account 
for the fact that theory predicts a value of A about double 
that found from experiment. Some investigators believe 

Table 2-1 Experimental Value of the Work Function and the 
Thermionic Emission Constant for Several Metals 


Atomic 

Number 

Element 

Symbol 

Work 

Function 

(volts) 

Thermionic 
Emission 
Constant A 

3 

Lithium 

Li 

2. 1-2.0 


4 

Beryllium 

Bo 

3.16 


6 

Carbon 

C 

2. 5-4. 7 

5.93-30 

11 

Sodium 

Na 

1.0-2.46 


12 

Magnesium 

Mg 

2.42 







Work 

Thermionic 

Atomic 




Function 

Emission 

Number 

Element 

Symbol 

(volts) 

Constant A 

13 

Aluminum 


A1 

2. 5-3. 6 


19 

Potassium 


K 

1.76-2.25 


20 

Calcium 


Ca 

2.24-3,2 

60 

26 

Iron 


Fe 

4.72-4,77 


27 

Cobalt 


Co 

4.12-4,28 


28 

Nickel 


Ni 

5.01-5,03 

1380-26.8 

29 

Copper 


Cu 

4. 1-4,5 


30 

Zinc 


Zn 

3,32-3.57 


32 

Germanium 

Ge 

4.3 


37 

Rubidium 


Rb 

1.8-2.19 


40 

Zirconium 


Zr 

4.12 

330 

41 

Columbium 

Cb 

3.96-4.01 

57-37 

42 

Molybdenum 

Mo 

4.15 

55-60 

45 

Rhodium 


Rh 

4.57-4.58 


46 

Palladium 


Pa 

4.96 *4.99 

60 

47 

Silver 


Ag 

4.08-4.76 


48 

Cadmium 


Cd 

4.0 


50 

Tin 


Sn 

4.17-4.50 


55 

Cesium 


Cs 

1.80-1.96 

162 

56 

Barium 


Ha 

2.11 

60 

57 

Lanthanum 


3.3 


58 

Cerium 


Ce 

2.6 


59 

Praeseo<lymium 

Pr 

2.7 


60 

Neodymium 

Nd 

3.3 


62 

Samarium 


Sa 

3.2 


72 

Hafnium 


Hf 

3.53 

14.5 

73 

Tantalum 


Ta 

4.12 

60 

74 

Tungsten 


W 

4.52 

60 

75 

Rhenium 


Re 

5.1 

200 

76 

Osmium 


Os 

4.7 


78 

Platinum 


Pt 

5.32-6.27 

32-17,000 

79 

Gold 


Au 

4.42-4.92 


80 

Mercury 


Hg 

4.52 


82 

Lead 


Pb 

3.5-4. 1 


83 

Bismuth 


Bi 

4.a-4.4 


90 

Thorium 


Th 

3. 3-3. 6 

70-60 


Compound 

Formula 




Calcium oxide 

CaO 

1.77 

129-249 


Strontium oxide 

SrO 

1.27 

4.1-258 


Barium oxide 

BaO 

0.99 

2.9-272 


Combination 





Barium 1 
Calcium 
Strontium J 
Cesium on 

oxides 

(BaCaSr)O 

1.24 

0.0083 


tungsten 
Barium on 


W-Cs 

1.36 

3.2 


tungsten 


W-Ba 

1.56 

1.5 


Barium on oxygen 
on tungsten 
Lanthanum on 

W-O-Ba 

1.34 

0.18 


tungsten 
Cerium on 


W-La 

2.71 

8.0 


tungsten 


W-Ce 

2.71 

8.0 


Yttrium on 





tungsten 


W-Yt 

2.70 

7.0 


Zirconium on 





tungsten 


W-Zr 

3.14 

5.0 


Thorium on 





tungsten 
Uranium on 

W-Th 

2.63 

3.0 


tungsten 


W-U 

2.84 

3.2 


Thorium on 





molybdenum 

Mo-Th 

2.59 

1.5 
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the discrepancy is attributable to approximations in de- 
riving the thermionic equation; some contend that re- 
flections of electrons at the surface of the metal result in a 
lower value of A ; others believe that neglect of the tem- 
perature coefficient of the work function may result in 
inaccuracy. Figure 2-7 shows a typical method of plotting 



Fig. 2-7 DiMcTinination of tho constants in Richanlson’s equation. 
The curve.s are plotted with / in ampt^r(‘s pc^r scpiare centimeter and T 
in degrees Kelvin. (Reprinted with permijssion from A pplied Electronics^ 
by the Electrical Engineering Staff, M.I.T., published by John Wiley, 

1943.) 

experimental data for determining A and </>, With A and tp 
known, the thermionic emission current at any value of 
temperature T can be computed. 

Velocity Distribution of Thermionically Emitted Electrons 

The motion of electrons in elet^trostatic and magnetic fields 
depends upon the initial velocities of those electrons, that is, 
the velocities of the electrons immediately after they have 
been emitted from the cathode. Velocities of escaping elec- 
trons are not zero, nor arc they all ecpial, but instead they 
have a definite distribution which is Maxwellian.^®* ^^* 



Fig. 2*8 Potential-energy diagram for retarding potential measure- 
ments. 

The velocity distribution of escaping electrons can be deter- 
mined experimentally by means of retarding potential meas- 
urements. A plane collecting electrode is placed in vacuum 
parallel to a plane cathode surface at a temperature T, As 
the potential of the collector is made increasingly negative 
with respect to the cathode, electron current to the collector 


(as indicated by a meter in series with the collector) decreases. 
For any given retarding potential Er the only electrons reach- 
ing the collector are those with initial energies high enough 
to overcome the retarding field. In Fig. 2*8 the electron 
current reaching the collector consists of electrons which 
before emission had a:-associated energies sufficiently high 
to overcome not only the work function of the surface but 
also the retarding field existing between the cathode and the 
collector. Therefore, if <t> in equation 2*6 is replaced by 
<i> + Er, the resulting expression gives collector current Ic 
as a function of retarding potential Er : 

Ic = ^ _ j^-(fER)/kT ( 2 * 9 ) 

where Er is the retarding potential, which has already been 
corrected for contact difference of potential between cathode 
and collector. This relation indicates that log, /<. vs. Er 



APPUEO PLATE VOLTAGE, VOLTS 


Fig. 2*9 Determination of contact diffiTonce of potential by retarding 
potential method. (Rtfprinted with permission from Millman and 
Seely, ElcclronicSy 1941, p. 165.) 

should result in a straight line with a slope —c/kT. Figure 
2-9 indicates that the experimental data are consistent with 
the theory except for the higher currents, which have unex- 
plainable deviations from theory. The failure of the ‘*knee^’ 
of this curve to coincide with Er = 0 is caused by contact 
difference of potential between cathode and collector. Its 
value in this case appears to be about —0.62 volt, indicating 
that the work function of the collector is 0.62 volt higher 
than that of the cathode. The average energy of the escaping 
electrons is 2kT, which for tungsten at 2500 degrees Kelvin 
is 0.431 electron volt. 

Characteristics of Thermionic Cathodes 

Although the primary purpose of a cathode is to supply 
ample thermionic emission currents, the electron emitter must 
have other characteristics to satisfy the requirements of any 
particular application.^®* The most important properties 
of thermionic emitters are these: 

1. Preparation. It must be possible to fabricate the 
cathode of the desired material or materials in the required 



14 


Electron Emission 


Chapter 2 


form. This implies that the materials must be capable of 
being formed, spot-welded, or constructed by some other 
process. Preparation should be as simple as possible. 

2. Strength. Cathode structures and materials must have 
sufficient mechanical strength at operating temperature to 
be self-supporting and capable of withstanding shock and 
vibration. 

3. Activation. It is always preferable for a cathode to 
reciuirc a minimum of activation. In general, cathodes re- 
quiring a more involved activation schedule are the least 
reproducible in quality. 

4. Reproducibility and Dependability. Successful opera- 
tion of a tube usually depends upon its ability to give opera- 
tion consistent with published tulx) characteristics and to 
continue to operate with unchanged electrical p)crformance 
throughout its life. Since cathodes cither directly or in- 
directly often determine or affect tube characteristics, cath- 
odes must be reproducible and dependable. 

5. Poisoning. Ability of a cathode to emit electrons is 
easil}’^ destroyed or reduced by poisoning agents. Different 
types of thermionic emitters are susceptible to the same 
poisoning agents, in general, but are not poisoned by them 
to the same degree. 

b. Emission Efficiency. Variation of thermionic eniiasion 
with temperature has already been discussed. The amount of 



(a) (6) 


Fio. 2*10 Examples of (a) indirectly and (6) directly heated oxide- 
coated cathodes. (Reprinted with permission from Applied Electronical 
by the Electrical Engineering Staff, M.I.T., published by John Wiley, 

1043.) 

cathode-heating power required to maintain an electron 
emitter at a temperature high enough to provide a desired 
thermionic emission current is important. The term emission 
efficiency and its value in milliamperes of emission current 
per watt of cathode heating power are convenient for com- 
paring relative abilities of various cathodes. Emission effi- 
ciency of a cathode can be increased by providing it with 
heat shielding, which reflects or reradiates some of the heat 
back to the cathode. Examples of such shielding are shown 
in Fig. 2 10. In Fig. 2-10 (a), the shielding is in the form 
of a cylinder or cylinders of smooth refractory metal sur- 
rounding the heated cathode. In Fig. 2*10 (6) the cathode is 
designed so that the surfaces of the emitter shield each other. 
By such heat shielding, less cathode heating power is required 
to heat the cathode to its emitting temperature, and emission 
efficiency is increased. Since emission efficiency is so de- 
pendent upon heat shielding, values given later for various 
types of cathodes are for unshielded emitters. 


7. Ability to Withstand Positive~/on Bombardment. In 

tubes containing mercury vapor or inert gas the cathode is 
subject to apprecuable positive-ion bombardment. Such a 
tube therefoi-e requires a cathode capable of withstanding 
bombardment without damage. Even in vacuum tubes 
operating at high voltages, sufficient positive-ion bombard- 
ment of the cathode results from ionization of residual gas 
to prohibit the use of certain types of emitters. 

8. Ability to Withstand Strong Electrostatic Fields. Some 
applications for vacuum tubes require that the cathode limit 
the tube current. Under such conditions a strong electro- 
static field appears at the cathtxle surface, whi(;h must not 
be damaged or affected by the field, and cathode emission 
must remain essentially constant as tube voltage increases. 

9. Rate of Evaporation. Rate of evaporation of an emitting 
surface determines maximum life of the cathode; also some 
of the evaporated material is deposited on the grids and anode 
of the tube, causing excessive grid currents due to thermionic 
and secondarj-' emission from the grid, and reducing the maxi- 
mum peak inverse voltage the tube can withstand. 

10. Life. Life of a tulx> usually is determined by the life 
of the cathode. The life of some cathodes can be computed; 
others must be determined by operation. 

For any particular application, the relative importance of 
the various cathode properties must be evaluated and the 
cathode chosen to satisfy those recpiiremcnts. 

Types of Thermionic Emitters 

Pure Metals. From theory, and because emission varies 
with work function, it seems reasonable to expect that metals 
with lowest work function will be the most generally used. 
Actually, the best pure-metal thermionic emitters are tung- 
sten, tantalum, and molybdenum, which have work functions 
of 4.52, 4.12, and 4.15 electron volts respectively. In spite 
of large work functions, these metals, particularly tungsten, 
are satisfactory thermionic emitters because their melting 
temperatures are so high and their evaporation rates so low 
that they can be operated at high enough temperatures to 
supply relatively large thermionic emission currents. 

Because of its exceptionally high melting point, tungsten is 
prepared not by the usual metallurgical processes but by 
powder metallurgy. It is used as a cathode in the form of a 
straight or coiled filament. Other forms usually are im- 
practical because of the difficulty of fabricating tungsten into 
complex shapes. Even at its operating temperature of 2590 
degrees Kelvin, tungsten wire is strong enough to be essen- 
tially self-supporting. Where relatively long lengths of wire 
of rather small diameter are required, tungsten containing a 
fraction of 1 percent of silica is used. Silica promotes the 
growth of longitudinal interlocking crystals of tungsten, and 
greater mechanical stability results. Thermionic emission is 
obtained from tungsten merely by heating it to its emitting 
temperature. No activation process is necessary. Gases and 
other undesirable foreign matter in the metal or on its surface 
are rapidly eliminated at such high temperatures. In the 
manufacture of tubes, however, it is customary to heat tung- 
sten cathodes to about 2800 degrees Kelvin for a short time 
to hasten degassing. Thermionic emission of a tungsten fila- 
ment can be reproduced accurately from one cathode to 
another and can be depended upon to equal that calculated 
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from equation 2*4, in which the accepted values of A and <t> 
for tungsten are substituted. Although 4.52 electron volts is 
the accepted work function for tungsten, Nichols ^ discovered 
that the work function has different values for the different 
crystal faces of large single crystals of tungsten. Commercial 
tungsten wire is polycrystalline, so that variations in work 
function with crystal face average out, resulting in the ac- 
cepted value of 4.52 electron volts for the work function and 
60.2 for the thermionic-emission constant A, 

Tungsten cathodes are poisoned most easily by water 
vapor, but recover their emitting ability if the water vapor is 
removed by maintaining a better vacuum. They are not 
poisoned by mercury vapor or the inert gases, so they can 
be used in tubes containing those gases or vapors. 

The thermionic emission efficiency of a tungsten cathode is 
extremely low at its usual operating temperature because of 
the high temperatures at which it must be operated to provide 
appreciable emission. This obviously is due to its relatively 
high work function. Emission efficiency of a cathode varies 
rapidly with its temperature, however, because electron emis- 
sion is essentially an exponential function of temperature. 
Increase of emission efficiency with temperature of a straight 
tungsten wire is shown in Table 2*2. In spite of its high 


Table 2*2 Emission Efficiency of a Stkaioiit Tcnosten Wike 


Temperature (degrees Kelvin) 

2400 

24.50 

2500 

2550 

2600 

2650 

Emission efficiency 







(niilliamperes per watt) 

2.01 

2.95 

4.27 

6.04 

8.56 

11.9 


operating temperature and correspondingly low emission 
efficiency, tungsten usually is used as the cathode material 
in vacuum tubes with operating voltages higher than a few 
thousand, because it can withstand the bombardment of 
high-energy positive ions resulting from ionization of the 
residual gas existing even in well-exhausted vacuum tubes. 
Cathodes other than those of the pure metal type are not 
satisfactory for high-voltage applications because their 
thermionic emission is reduced or destroyed by positive ion 
bombardment. 

llecause the surface of a tungsten cathode is relatively 
smooth, and because the surface atoms adhere strongly to 
underlying atoms, tungsten cathodes are unsurpassed in their 
ability to withstand strong electrostatic fields at their sur- 
faces without damage and without emitting undesirably 
larger currents. 

Although tungsten cathodes arc usually operated at about 
2500 degrees Kelvin, the rate of evaporation of the tungsten 
is sufficiently low at this temperature to have a reasonably 
long life. By use of the tables of Jones and Langmuir, 22 the 
life of tungsten filaments for various operating temperatures 
can be computed. The practical life of a filamentary pure- 
metal cathode heated by the passage of electrical current is 
considered to be ended when its cross-sectional area has de- 
creased by 10 percent. A tungsten filament 0.010 inch in 
diameter operating at 2500 degrees Kelvin has an evaporation 
rate of 2.02 X 10~® milligram per square centimeter-second 
and a life of 1690 hours. 

Composite Surfaces. A cathode consisting of a layer of 
an electropositive metal on a metal base or on the oxidized 


surface of a metal is of the composite^surface type. In this 
group are such cathodes as thorium on tungsten, thorium 
on molybdenum, cesium on tungsten, cesium on oxygen on 
tungsten, barium on oxygen on tungsten, and various other 
combinations. ^)f these, thorium on tungsten is the most 
satisfactory as a thermionic source of electrons. Experiments 
by Langmuir ^ and others 2 ^ have shown that the work func- 
tions of surfaces of cesium, barium, or strontium on tungsten 
or oxygenated tungsten are low (from 0.5 to 2.5 electron 
volts). The vapor pressure of the adsorbed atoms of cesium, 
barium, and strontium has been found to be so high, how- 
ever, that those cathodes cannot be operated at sufficiently 
high temperatures to obtain thermionic current densities 
comparable with those obtainable from other types. 
Thorium-on-tungsten emitters therefore are the only com- 
posite-surface cathodes which are of general practical use. 

Addition of silica to tungsten before sintering, swaging, and 
drawing has already been mentioned. Pure tungsten fila- 
ments in lamps have a tendency to grow large single ciystals 
having dimensions comparable with the diameter of the wire. 
These crystals possess cleavage planes extending across the 
wire, so that one part of the crystal can slip with respect to 
the other and cause an ^'offset.'^ Addition of a small per- 
centage of thoria (thorium oxide) to the tungsten prevents 
the growth of such large single crystals, thereby increasing 
the life of the filament. In 1913 Langmuir and Rogers 2 ^ 
discovered that the thermionic emission from such thoriated- 
tungsten filaments was much greater than that of pure 
tungsten. 

Unlike tungsten, optimum thermionic emission from thori- 
ated tungsten is obtained only after activation, which must 
be carried on in a good vacuum and consists of two parts: 

1. The filament must be ‘‘flashed^ ^ for about 1 minute at 
a temperature of 2800 degrees Kelvin or higher. 

2. The filament must be heated to a temperature between 
2100 and 2400 degrees Kelvin for several minutes, after which 
it is operated at a temperature of 1900 to 2000 degrees 
Kelvin. 

The most generally accepted theory of activation and 
electron emission of thoriated-tungsten filaments is that of 
i.angmuir.27« 29. so According to this theory, flashing the 
thoriated-tungsten filament at a temperature of about 2800 
degrees Kelvin cleans the surface and reduces some of the 
thoria to metallic thorium. The oxygen combines with 
tungsten atoms to form tungsten oxide, which has a suffi- 
ciently high vapor pressure at this temperature to volatilize 
and leave a tungsten filament containing thorium and un- 
reduced thoria. Thorium atoms diffuse along the tungsten- 
crystal boundaries toward the surface where they evaporate 
and leave the surface relatively free of thorium. As a result 
of further heating at lower temperatures, some of the free 
thorium diffuses to the surface to build up a partial layer of 
thorium atoms. 

To explain the characteristics of thoriated-tungsten fila- 
ments, four temperature ranges usually are considered. Be- 
low 1800 degrees the diffusion of thorium to the surface is 
not appreciable, and the emission immediately after flashing 
corresponds nearly to that of pure tungsten. When the 
flashed filament is heated to a temperature of 1900 to 2200 
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degrees Kelvin, the rate of diffusion of thorium to the surface 
is at first greater than its rate of evaporation, and a surface 
layer of polarized thorium atoms is formed gradually. Tho- 
rium evaporates more readily from a thorium surface than 
from a tungsten surface, so it is difficult to obtain more than 
a monomolecular layer of thorium on the surface except at 

POLARIZED 

METAL LAYER VACUUM 
O O O O0© 

o o o oO© 

O O O O0© 

O O O O0© 
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Fio. 2*11 Potential-energy diagram of thoriated-timgsten surface. 

lower temperatures. For a given temperature, the rate of 
diffusion of thorium to the surface is constant, but the rate of 
evaporation increases with the number of adsorbed thorium 
atoms. The final ‘^fractional coverage^' is reached when the 
rate of diffusion and the rate of evaporation are equal. Maxi- 
mum emission is obtained when the work function of the 
filament surface is a minimum, so the effect of adsorbed atoms 
is to reduce the work function. This reduction is caused by 
the dipole moment of the adsorbed thorium atoms, which act 
as a double sheet of electric charge and polarize the surface. 
A simplified diagram of this polarized layer is shown in 
Fig. 2 - 11. 

The work function is believed to decrease as the dipole 
moment per unit area of the .surface increases. As the frac- 
tional coverage increases, the dipole moment at first increases 
but later decreases because of the mutual repelling action 


H 



FRACTIONAL SURFACE COVERAGE 

Fia. 2*12 Variation of thermionic emission from thoriated tungsten 
with the fraction of the surface covered by thorium. 

between thorium atoms. The fractional coverage resulting 
in maximum average dipole moment per unit area, and there- 
fore in minimum work function, is about 70 percent, as shown 
in Fig. 2*12. The temperature corresponding to this opti- 
mum coverage is approximately 2100 degrees Kelvin. Also 
shown in Fig. 2*11 is a potential-energy diagram indicating 


the potential barrier of pure tungsten as a dashed line and 
that of tungsten having an adsorbed surface layer of thorium 
as a solid line. The decrease in work function caused by the 
polarized layer of thorium atoms is represented by the differ- 
ence in heights of the potential barriers for tungsten and 
thoriated tungsten and is indicated by It seems that the 
decrease in work function should be the difference in height 
of the potential barriers for tungsten WaM and of the poten- 
tial maximum TF'o. This would be correct if all electrons 
having energies less than IF'a \vere reflected at the surface, 
only those having energies greater than TF'a being emitted. 
Fowler and Nordheim 3'* ** found that electrons in the metal 
having x-associated energies between Wi and have a 
finite probability of penetrating such a potential barrier 



TIME OF ACTIVATION 


Fio. 2-13 Typical activation curves for thoriated-tungsten filaments. 

and therefore of being emitted. By considering the electrons 
incident upon the barrier as electromagnetic waves having 
DeBroglie wavelengths given by 

h 

X = (2*10) 

meV 

where v is the velocity of the electron, Fowler and Nordheim 
were able to show that the mean transmission coefficient 
D{W) for electrons arriving at such a barrier was not zero. 
It is therefore consistent with theory to indicate the differ- 
ence between the work function of thoriated tungsten and 
that of pure tungsten as shown in Fig. 2*11. D(W) is equal 
to 1 — f where f is the mean reflection coefficient. The mean 
reflection coefficient modifies the value of A in equation 2*4, 
resulting in the more correct form for the thermionic emission 
current-density expression: 

/= (1 ( 2 * 11 ) 

The value of (1 — f)A therefore is the quantity determined 
by experiment, the thermionic-emission constant A having 
the theoretical value given by equations 2*7 and 2*8. For 
thoriated tungsten with optimum fractional coverage, ^ and 
A are generally accepted as 2.63 electron volts and 3.0 re- 
spectively. For activation other than the optimum, the work 
function is larger. Typical activation curves for thoriated 
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tungsten are shown in Fig. 2*13. Each curve was obtained 
experimentally by maintaining the filament at a constant 
activation temperature, the thermionic emission being meas- 
ured at 1560 degrees Kelvin at frequent intervals. Thermi- 
onic emission at 1560 degrees Kelvin is plotted in Fig. 2*13 
as a function of the total time of activation. A low tempera- 
ture was chosen so that the surface would remain unchanged 
during the test. Curves for activation temperatures of 2100 
and 2250 degrees Kelvin are shown. 

It is apparent that activation is more rapid at 2250 degrees 
Kelvin but has a final value much lower than for the optimum 
temperature of 2100 degrees Kelvin. The fractional coverage 
for the final state of activation at 2100 degrees Kelvin is 
probably about 70 percent; at 2250 degrees Kelvin it is ap- 
preciably less. The deactivation range (from 2300 to 2600 
degrees Kelvin) for thoriated-tungsten filaments can best be 
explained by reference to Fig. 2*14, which is a qualitative 
sketch of the effect of operating a well-activated thoriated- 
tungsten filament at temperatures where deactivation occurs. 
Part A of the curv^e shows activation at 2100 degrees Kelvin 
(emission again measured at 1560 degrees Kelvin) to time ti 
where emission has almost reached its maximum value. If 
filament temperature is increased at lime ti to 2400, 2500, or 
2600 degrees Kelvin, the emission, still measured at about 
1560 degrees Kelvin, decays as showm by curves Bj C, or D, 
depending upon which deactivation temperature was used 
starting at time ti. 

It is clear, therefore, that the steady-state emission of a 
thoriated-tungsten filament is always greater than that for 
pure tungsten and often depends upon the state of activation 
of its surface as well as its operating temperature. Although 
the minimum work function surface is obtained at an operat- 
ing temperature of 2100 degrees Kelvin, thorium evaporates 
rapidly at this temperature and filament life is shortened 
undesirably. Thoriated-tungvSten filaments usually are oper- 
ated at a temperature of about 1900 degrees Kelvin for satis- 
factorily long life. Even at this reduced temperature, the 
emission is about 10,000 times as large as for tungsten oper- 
ated at this temperature, and is about five times as large as for 
tungsten at its normal operating temperature of 2500 degrees 
Kelvin. Table 2-3 lists values of thermionic emission and 
emission efficiencies of various types of emitters at several 
temperatures. 


Table 2-3 Thermionic Emission and Emission Efficiencies op 
Various Emiiters 


Temperature 

Electron Emission (amperes 
IM*r squ.'ire centimeter) 

Emission Efficiency 
(milliamix^res per watt) 

(°K) 

2500 1900 1123 

2500 1900 1123 

Tungsten 

Thoriated 

0.26 2 X 10~* 3 X 10“” 

4 

tungsten 

Oxide-coated 

1.2 6X10-^ 

. . 25-100 

cathode 

0.3 

50-100 


The ratio of emission efficiencies of thoriated-tungsten and 
tungsten filaments at their respective operating temperatures 
is about 25 to 1, as shown in this table. Increased emission 


efficiency and lower operating temperature of thoriated tung- 
sten are important not only because of the saving in cathode- 
heating power, but also because the lower operating tempera- 
ture reduces power-dissipation requirements of other elec- 
trodes in the tube which absorb some of the heat radiated by 
the cathode. Even at 1900 degrees Kelvin, the rate of 
evaporation of thorium from thoriated-tungsten cathodes is 
sufficiently high to result in contamination of other electrodes 
in the tube. Although this is not serious in some tubes, it is 
in other tubes in which grid currents must be kept small, and 
in whichrelatively strong electrostatic fields at the anode would 
cause field emission from thorium deposited on the anode. 

The surface of a thoriated-tungsten cathode is damaged by 
positive-ion bombardment resulting from ionization of the 
residual gas in a vacuum tube if voltages in excess of several 



Fia. 2*14 Activation and deactivation curves for thoriated-tungsten 

filaments. 

thousand volts are applied to the tube. Because a well- 
activated thoriated-tungsten cathode relies upon the existence 
of thorium atoms on its surface, it is quite sensitive to poison- 
ing agents, particularly water vapor and oxygen. After the 
cathode is poisoned, all or most of its thermionic emission 
can be regained by removing the poisoning agent from the 
tube and repeating the usual activation schedule. During 
life the free thorium continues to diffuse to the surface and 
eventually evaporates until the supply of free thorium made 
available by the original flashing previous to activation is 
depleted. The cathode then can be reactivated in the usual 
manner several times during life until the supply of thoria 
is depleted. 

To increase their life, thoriated-tungsten filaments are 
often carbonized ** by being heated between 1600 and 2000 
degrees Kelvin in a hydrocarbon gas or vapor. The hydro- 
carbon is reduced and liberates carbon, which diffuses into 
the cathode. Usually carbonization is continued until the 
electrical resistivity of the filament is increased by 10 to 
20 percent. Carbon in the cathode appears to reduce greatly 
the rate of evaporation of thorium. It is customary to oper- 
ate carbonized thoriated-tungsten filaments at a temperature 
of 2000 to 2100 degrees Kelvin to take advantage of the in- 
creased thermionic emission, the life still remaining satisfac- 
torily long. The higher operating temperature and the pres- 
ence of the carbon are believed to make possible the reduction 
of thoria at operating temperatures so that thoriated-tungsten 
filaments can operate satisfactorily in vacuum tubes at some- 
what higher voltages because the deactivation effect of the 
positive-ion bombardment is partially counteracted by the 
increased diffusion rate of thorium. 
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An electrostatic field at the cathode increases the electron 
emission from a thoriated-tungsten filament much more than 
from pure tungsten. This characteristic is objectionable for 
current-limiting applications. 

Oxide-Coated Cathodes, The most often used and least 
understood type of thermionic emitter is the oxide-coated 
cath(xle. Its discovery dates back to 1903 when Wehnelt ** 
noticed that a platinum ribbon coated with oxides of alkaline- 
earth metals was a copious emitter of electrons at relatively 
low temperatures (950 to 1200 degrees Kelvin). Since that 
time many investigators have conducted innumerable ex- 
periments resulting in the formulation of several theories 
of the mechanism of thermionic emission from oxide-coated 
cathodes. In spite of the improvements resulting from such 
investigations, and from experience in manufacture, oxide- 
coated cathodes as they exist today leave much to be 
desired. 

An oxide-coated cathode consists of a base metal upon 
which is applied a coating of the oxides of alkaline-earth 



Fia. 2 * 15 Potential-energy diagram for an oxide-coated cathode. 

metals. Nickel, Konal,* tungsten, and platinum have been 
used as base materials, although nickel and Konal are the 
most common. The coating consists of barium, strontium, 
and occasionally calcium oxides. In manufacture the coating 
usually is applied to the base metal not as oxides, which are 
chemically unstable in atmospheric air, but rather as car- 
bonates, nitrates, oxalates, or hydroxides of alkaline earths. 
The most common method of applying the coating is spray- 
ing.*^ The desired mixture of alkaline-earth compounds is 
suspended in a finely divided state in an organic binder (such 
as nitrocellulose dissolved in amyl acetate), and the suspen- 
sion is sprayed onto the base metal until the coating is from 
10“"^ to 10“^ centimeter thick. Sometimes the cathodes are 
coated by dipping the base metal in the desired suspension. 
A method used only occasionally is electrophoresis,** whereby 
the suspended particles of alkaline earths are deposited elec- 
trically on the base metal. Exact chemical composition of 
coating, type of binder, choice of base metal, and method 
of applying the coating to the base metal are determined by 
physical shape of the cathode, type of tube, and the experi- 
ence of the manufacturer. 

During exhaust of the tube, the binder usually is decom- 
posed or volatilized in the baking process, the liberated gases 
and vapors being removed by vacuum pumps. The alkaline- 
earth compounds are then decomposed by sintering, which 
is a gradual heating of the cathode to a temperature of 
about 1300 degrees Kelvin. The products of sintering are the 
alkaline-earth oxides, and gases or volatile materials resulting 
from decomposition of the alkaline-earth compe^ds. Some 

* Konal is an alloy of nickel, cobalt, iron, and titanium (trademark 

registered, U. S. Patent Office). 


investigators w, 4i believe that, immediately after sinter- 
ing, the cathode is in an activated state and that no further 
activation is necessary. This is correct, because the cathode 
is now capable of supplying large thermionic emission cur- 
rents; however, drawing thermionic currents from the cathode 
by maintaining the other electrodes at a potential positive 
w'ith respect to the cathode causes an increase of thermionic 
emission above that obtainable immediately after sinter- 
ing.**- Increasing thermionic emission by drawing 

electron currents from the cathode is referred to as activa- 
tion.** 

For base metals containing reducing agents such as ti- 
tanium, magnesium, or aluminum, a small part of the oxides 
is broken do^vn at the sintering temperature to free barium 
and oxygen, the latter being pumped away. More free 
barium is formed during activation, the barium in either case 
being dispersed throughout the oxide coating, on its surface, 
and at the metal-oxide interface. Experimental evidence 
shows that activated cathodes are richer in free barium than 
unactivated ones, and the free-barium theory of the mecha- 
nism of emission from oxide cathodes has become generally 
accepted. According to this theory, the emission abilities of 
an oxide-coated cathode depend upon excess barium on the 
surface and throughout the coating. Many of the details of 
emission remain unexplained. One contention is that emis- 
sion is caused by a monatomic layer of barium on the surface 
of the coating, another is that the emission is fostered by a 
thermionically emissive surface at the interface between the 
coating and the core metal, *^ and a third is that the emission 
is caused by both. 

A qualitative potential-energy diagram for an oxide-coated 
cathode is shown in Fig. 2 - 15. This diagram is based on the 
supposition that there are two polarized layers of barium, 
one at the core-oxide interface and one at the surface of the 
oxide coating. As in thoriated-tungsten cathodes, electrons 
in the base metal need not have x-associated energies greater 
than IK"a to be emitted. Instead, electrons having x-asso- 
ciated energies greater than Wa but less than ir"a have 
greater than zero probabilities of penetrating the potential 
barriers. Electrons having x-associated energies between 
IF"o and W'a are emitted by virtue of the transmission coeffi- 
cient for the oxide surface barrier; those with energies be- 
tween W'a and Wa are emitted by virtue of the transmission 
coefficient for both barriers. 

The experimentally determined value of the thermionic- 
emission constant is given by the quantity (1 — f)A, and 
the mean reflection coefiicient f should be rather high because 
there are two potential barriers; therefore it seems that the 
experimentally determined thermionic-emission constant 
should be somewhat smaller than the constant for pure 
metals or even thoriated-tungsten cathodes. This is true. 
The best experimental values for the work function and the 
thermionic emission constant for oxide-coated cathodes are 
about 1.0 electron volt and 0.01 respectively. The low work 
function explains the large thermionic emission obtainable 
from oxide-coated cathodes. 

An oxide coating has a low mechanical strength. The base 
metal must have sufficient strength, even at the operating 
temperatui'e of oxide cathodes, to support itself and the coat- 
ing. In many applications nickel is satisfactory as a base 
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metal. In others a stronger base metal is required, and for 
these Konal and tungsten are used as base materials because 
of their greater strength at the operating temperature. Some 
investigators believe that the use of Konal instead of nickel 
as a base metal results in better cathodes.*^ 

One of the most serious difficulties in the manufacture of 
oxide-coated cathodes is their poor reproducibility. When 
hundreds or thousands of tubes containing oxide-coated 
cathodes are carefully prepared, sintered, and activated, 
large variations in cathode quality invariably occur. Cath- 
odes usually are designed for much larger emission than is 
required, so that a reasonably large percentage of tubes 
have sufficient thermionic emission to satisfy required specifi- 
cations. By refinements in methods and technique, as well 
as by strict control of purity of cathode materials, variations 
in cathode quality are reduced to a minimum. 

Emission from a coated cathode is easily poisoned by water 
vapor, oxygen, or other electronegative gases.**^ This is con- 
sistent with the free-barium theory of emission, because 
electronegative elements such as oxygen combine chemically 
with the barium, thereby reducing the concentration of free 
barium in the cathode. A reducing gas such as hydrogen does 
not increase emission of a well-activated oxide cathode, but 
it at least partially restores emission of a cathode poisoned 
by oxygen. This also supports the free-barium theory. 

The greatest advantage of coated cathodes is their ability 
to emit appreciable currents at lower temperatures than those 
required for tungsten or thoriated-tungsten cathodes. This 
results in a higher emission efficiency, which is important 
for many applications. Table 2-3 indicates that at a tem- 
perature of 1123 degrees Kelvin the thermionic emission from 
an oxide-coated cathode is 5 X 10^ times as large as that 
from thoriated tungsten and 10^” times as large as that from 
tungsten at the same temperature. Emission from these 
three types of cathodes is of the same order of magnitude at 
their respective operating temperatures. Also shown in 
Table 2-3 is the emis.sion efficiency of oxide-coated cathodes 
as compared with that of the other two types of cathodes. 
Figure 2*16 shows the variation of the thermionic emission 
with cathode-heating power for tungsten, thoriated tungsten, 
and oxide-coated cathodes. 

Coated cathodes, like thoriated tungsten, are not suitable 
for use in high-voltage tubes because of the deactivating or 
destructive effect of high-energy positive-ion bombardment. 
In gas- or vapor-filled tubes, oxide cathodes are used almost 
exclusively. In such tubes the cathode is subject to positive- 
ion bombardment, but the energy of the ions is small, in the 
order of 10 to 20 volts. Several investigators have deter- 
mined the maximum energy with which positive ions can 
bombard the cathode without causing deactivation or 
destruction.^* • “ 

If there is a strong electrostatic field at the surface of a 
coated cathode, emission currents “ are much larger 
than those calculated from equation 2 • 4. This characteristic 
makes these cathodes unsuitable for current-limiting applica- 
tions, but is a distinct advantage in gas- or vapor-filled 
tubes, where the field is produced by a positive-ion space- 
charge sheath. 

Experiments have shown “ that the vapor pressure of 
barium is much higher than that of its oxide or of strontium 
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or its oxide. During operation barium evaporates from the 
cathode and condenses on other electrodes in the tube. The 
resulting contamination of the grids or anode of the tube is 
objectionable because of the higher grid currents and lower 
maximum permissible anode voltage. 

After a coated cathode has been operated until its ability 
to emit electrons has almost ceased, some coating material 
still remains on the core metal. This is to be expected from 
the difference in the rates of evaporation of barium and those 
of barium oxide, strontium, and strontium oxide. As the 
cathode is operated the free barium evaporates until its 



Fia. 2 • 16 Thermionic c*mis»ion versus heater power for various cathode 
materials. (Reprinted with permission from Phyniat of Electron Tubett^ 
by Roller, published by McGraw-Hill, 1934, p. 40.) 

concentration in the coating and on the surface is reduced. 
Emission decreases accordingly in spite of the fact that much 
of the coating still remains. It is often possible to reactivate 
by the usual sintering and activation processes. This can 
be done only a limited number of times, after which it is 
impossible to regain the emission. In spite of the evaporation 
of barium, the life of an oxide-coated cathode is usually many 
thousand hours. 

Many oxide-coated cathodes are heated to their operating 
temperatures by passing current through the base metal. 
Such cathodes arc commonly referred to as directly heated 
cathodea. Because of their low operating temperature, 
coated cathodes can be heated indirectly, by radiation from 
a heater filament. Indirectly heated coated cathodes have 
come into quite general use. They can be made in shapes 
that are difficult or impossible to heat directly. One of their 
most important advantages over directly heated cathodes is 
their equipotential nature; in many applications the varia- 
tion of potential along the length of a directly heated cathode 
is objectionable. Examples of directly and indirectly heated 
cathodes are shown in Figs. 2*10 (6) and 2-10 (a) respec- 
tively. 
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2*4 EMISSION IN THE PRESENCE OF A FIELD 
Schottky Effect 

Electron emission from a surface depends upon the height 
of the potential barrier; and reduction of that height results 
in increased emission. The larger thermionic emission from 
surfaces of low work function is an example of this effect. 
For a given surface the height of the potential barrier can be 
decreased by applying sufficiently strong electrastatic fields 
to the surface of the emitter.*^* By reducing the 

height of the potential barrier, the effective work function 
is reduced by the same amount, since the IF* level is unaffected 
by the application of external fields. To evaluate the decrease 
in effective work function requires a knowledge of the \'arious 
forces which give rise to the potential barrier. The first re- 
tarding force on an electron attempting to escape is a coulomb 
force and is caused by the atoms in the crystal lattice. This 
type of force was discussed in Section 1 • 7 and was illustrated 
in Fig. 1*8. This retarding force decreases rapidly as the 
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curve 1, Fig. 2-18. Curve 2 of the same figure shows the 
potential barrier caused by the combined coulomb and image 
forces modified by the external accelerating field E. The 



Fia. 2-18 Potential-energy diagram showing the effect of an olectro 
static field on the height of the surface potential barrier. (Reprinted 
with permission from Applied Electronics j by the Electrical Engineering 
Staff, M.I.T., published by John Wiley, 1943.) 
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Fig. 2-17 Electric field between an electron and a metal and between 
an electron and its image. (Reprinted with permission from Applied 
Electronics f by the Electrical Engineering Sti^, M.I.T., published by 
John Wiley, 1943.) 


maximum height of this barrier is lower than the Wa level 
of curve 1. If Xnj is the distance of this potential maximum 
from the surface of the metal,*^* 

and the decrease in the effective work function is 

s= ^ =s (2*14) 

Electron emission in the presence of this applied field, there- 
fore, is ^ 

which, in terms of the zero field emission /, can be written 


electron leaves the surface of the metal, and it is relatively 
weak when the electron is several atomic distances away. 
When the electron succeeds in getting several atomic dis- 
tances away from the metal surface, the metal appears to the 
electron as a relatively homogeneous smooth surface rather 
than as an irregular surface of non-uniform charge caused 
by the discrete atoms of the crystal lattice. A second retard- 
ing force, commonly called the image force j is believed to act 
on an electron removed from the metal surface by a distance 
large compared with the atomic spacing in the crystal lattice. 
The image force can be considered as that between a charge 
— c and a plane conducting surface a distance x away. Such 
a force is identical with that between two charges — e and 
+e separated by a distance 2x, as shown in Fig. 2*17. The 
positive charge is thus the mirror image of the negative 
one, hence the name '‘image force.'^ The expression for the 
image force is 



which decreases as the distance increases, and increases to 
an infinite value as the separation x approaches zero. This 
equation is believed to be valid only when x is large compared 
with the atomic spacing. The potential barrier at the surface 
of a metal with no external field is caused by the combined 
coulomb and image forces and has the general appearance of 


r = ^{ty/7E.)/kT ^ j^{eV7E)/kT 



Fig. 2 >19 Typical current-voltago characteristic showing poor satura- 
tion due to Schottky effect. (Reprinted with permission from Applied 
ElectronicSf by the Electrical Engineering Staff, M.I.T., published by 
John Wiley, 1943.) 

This expression indicates that the electron emission from a 
thmmionic emitting metal increases as the strength of the 
applied accelerating field increases. This effect, known as 
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the Schottky effect, explains the failure to obtain true 
emission saturation from a metal as the collecting voltage is 
increased, with emitter temperature remaining constant. A 
typical experimental result illustrating this is shown in Fig. 
2*19. Equation 2*1(5 indicates that the logarithm of the 
current should be a linear function of the square root of the 
field; Fig. 2*20 shows that this is verified experimentally. 



Fig. 2*20 Schottky plot for a puro-mctal emitter illustrating extrar 
polation to zero field for determination of the true saturation current. 
(Reprinted with permission from Applied Electronics^ by the Electrical 
Engineering Staff, published by John Wiley, 1943.) 

The zero-field or tnie saturation emission current is indicated 
by the intercept in Fig. 2 *20. 

Both thoriated-tungsten and oxide-coated cathodes exhibit 
an '‘anomalous^ ^ Schottky effect.®^* ^ For stronger accelerat- 
ing fields the Schottky effect is normal, because logc /' is a 
linear function of and the slope of the line is e^'^/kTy as 
indicated in equation 2*10. For weaker fields the increase 
of the electron emission with field strength is many times 
larger than predicted by equation 2 10. This anomalous 
behavior, shown in Fig. 2*21, is believed to be caused by 
^^patches'' with different work functions on the surfaces of 



Fig. 2-21 Schottky plot for a compo.site or oxide-coated cathode 
illustrating anomalous Schottky effect. (Reprinted with permission 
from Fundamentals of Engineering Electronics, by W. G. Dow, published 
by John Wiley, 1943.) 

thoriated-tungsten and oxide-coated cathodes. These patches 
cause local field effects which result in an abnormally large 
increase of electron emission for a small accelerating field. 
The effect of these local fields becomes negligible if a large 
field is applied to the cathode surface. Unusual field effects 
are displayed by oxide-coated cathodes because of the rough- 
ness of the surface. 


In a vacuum tube an accelerating field at the cathode sur- 
face is produced by positive voltages on the grid or anode of 
the tube; in a gas-discharge tube, it is a result of the positive- 
ion space-charge sheath which forms outside the cathode 
surface. 

Field Emission 

As the potential gradient at the surface of a pure metal is 
increased, the potential barrier appears as shown qualita- 
tively by curve A of Fig. 2 • 22. The barrier has been reduced 
in height, resulting in a large Schottky increase in electron 
emission, and it has been narrowed so that the barrier is 
penetrated by some electrons having energies less than 
lF'a.®4' 66. 86 . 67 ^ small pcrccntage of electrons in the Fermi 
band (energies less than also penetrate the narrow bar- 
rier at these field strengths.*^* As the accelerating field 
is increased, more of the emission is caused by penetration 
of electrons in the Fermi band. 

At room temperature the thermionic and Schottky emis- 
sion currents are negligible. If a sufficiently strong accel- 
erating field is applied to the cathode surface, however, an 

Wo ^ 



Fig. 2-22 Potential-cnerRy diagram showing the effect of strong 

electrostatic fields on the height of the surface potential barrier. 

appreciable number of electrons in the Fermi band can pene- 
trate the resulting narrow barrier shown by curve B of 
Fig. 2 *22. Electron emission caused only by the application 
of a strong accelerating field is called field emission or auto- 
electronic emission. Potential gradients of about 10® volts 
per centimeter can result in current densities of thousands 
of amperes per square centimeter.’® 

It is obvious that field emission is almost independent of 
temperature, but Schottky emission is not. From a wave- 
mechanical analysis, Fowler and Nordheim arrived at a 
relation between field-emission current /g from a pure metal 
and electric-field intensity E, 

Jb = (2 17) 

where Ag and 6g are constants. This is surprisingly similar 
to the thermionic-emission relation, with temperature T 
replaced by the field strength E. Although field-emission 
data are difficult to obtain experimentally, those which exist 
support the Fowler-Nordheim theory by displaying a linear 
relation between log /g and 1/E, and by being substantially 
independent of temperature. 

2-6 PHOTOELECTRIC EMISSION 

At a temperature of absolute zero, electrons must acquire 
an additional amount of energy at least equal to the work 
function of the surface in order to pass over the surface 
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potential barrier. If the electrons acquire this energy by 
absorption of light energy, the resulting emission is called 
photoelectric emission. 

In 1890, only a few j^ears after the fimt indications of a 
photoelectric effect were obser\'ed by Plcrtz,’^ Elster and 
Geitel,’- Lenard'* and Thomson’^ discovered that kinetic 
energ>" of photoelectrically emitted electrons was independ- 
ent of the intensity of the incident light, but that their 
number was proportional to it. To explain these results, 
Einstein in 1905 suggested that light is composed of cor- 
puscles each of which possesses an energy hv^ where h is 
Planck’s radiation constant and v is the frequency of the 
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Fig. 2-23 Photoelectric current-voltage curves for aluminum. (Re- 
printed with permission from Photoelectric Phenomena^ by A. L. Hughes 
and L. A. DuBridge, published by McGraw-Hill, 1932, p. 18.) 


light. If it is assumed that this amount of energy is absorbed 
by an electron in the metal, the maximum energy of the 
emitted electron must be equal to the energy of the incident 
light quantum less the energy lost by the electron in over- 
coming the work function. Hence the maximum kinetic 
energy of a photoelectrically emitted electron is 

^ hv — €<t> (2 • 18) 


This equation shows that, if the frequency of the incident 
radiation is such that the maximum energy of the photo- 
electrons is zero, the energy of the incident light quantum 
is exactly equal to e<l>. This minimum frequency for which 
electrons are photoelectrically emitted has become known 
as the threshold frequency, and the corresponding wavelength 
as the threshold wavelength. They are designated respec- 
tively as Vo and Xo. Thus, 


from which 


hvQ 


e<l> and 


he 

ho 


e4> he 

Vo * — and Xo = — 
h e4f 


e4> 

12,395 


(2.19) 

( 2 . 20 ) 


where Xo is the threshold wavelength in angstrom imits, 


4> is the work function in electron volts, and c is the velocity 
of light in centimeters per second. 

It is particularly important that the energy of the indi- 
vidual quanta, not their number, detennines whether 
photoelectrons are emitted from a given surface and also 
determines the maximum energy of the emitted photo- 
electrons. The number of photoelectrons emitted, however, 
is proportional to the number of incident quanta — the light 
intensity. 

In general the many theories of photoelectric effect are 
based on either a corpuscular or wave nature of light and of 
electrons in metals. In the former case the action of an 
incident light corpuscle or quantum on electrons in metals 
is considered. In the latter light is treated as an electro- 
magnetic wave, and the electrons in the metal are considered 
according to the Sommerfeld theory.’®* 

Characteristics of Photoelectric Emission ®® 

Photoelectric surfaces are simple or composite in nature. 
Pure metals are examples of the simple type; the cesiuin-on- 
ccsium oxide-on-silver surface is an example of the composite 
type. Most photoelectric properties depend upon the surface. 

Three important characteristics of the photoelectric effect 
have already been mentioned, but are sufficiently important 
to be restated. They are: 

1. The maximum energy of photoelectrically emitted elec- 
trons is a linear function of the frequency of the incident 
radiation. 

2. The number of photoelectrically emitted electrons is 
proportional to the intensity of the incident light (number 
of quanta). 

3. The energy of emitted electrons is independent of the 
intensity of the incident radiation. 

The first characteristic is merely a statement of Einstein’s 
equation. This relation has been verified experimentally by 
Millikan," Richardson,** Compton,** and others, by meas- 
uring the emission current for various retarding potentials 
on the collector, then repeating these measurements for 
incident light of different frequencies. The results of such 
measurements are shown in Fig. 2*23. The intercepts of 
the curves for different radiation frequencies with the col- 
lector-voltage axis represent the maximum energy of emitted 
electrons when the surface is irradiated by light of those 
frequencies, if it is assumed that the appropriate correction 
for contact difference of potential has been made. A plot 
of these values of voltage versus the frequency of the radia- 
tion is shown in Fig. 2*24. The linearity of maximum 
electron energy with frequency is thus established, verifying 
Einstein’s equation. 

The proportionality between emission current and inten- 
sity of radiation has been investigated by Elster and Geitel,’* 
Lenard,’* Ijadenburg," and Richtmyer." This law of 
photoelectricity holds over a wide range of light intensities. 

Lenard, Ladenburg, Millikan, and others also proved 
experimentally that the maximum energy of emission of 
photoelectrons was independent of the intensity of the light. 
It Was this fact which, being inconsistent with the original 
wave theory of light, led to the radically different conception 
of the photoelectric effect suggested by Einstein. 
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One of the most familiar characteristics of photoelectric 
emission is its spectral distribution curve,®®* ** in which emis- 
sion current is plotted as a function of the freciuency or 
wavelength of the incident light. Such curves are important 



Fia. 2 -24 Millikan’s verification of Einstein’s equation. (Reprinted 
with permission from Photoelectric Phenomena^ by A. L. Hughes and 
L. A. DuBridKc, publislu^d by McGraw-Hill, 1932, p. 21.) 


because they influence the choice of the proper photoelectric 
tube for a particular application. Spectral-distribution 
curves for the more impoitant surfaces arc given in Chap- 
ter 7. 

Energy distribution of photoeloctrons ®® is of little prac- 
tical importan(;e, but has contributed greatly to a better 
understanding of the photoelectric; process. To determine 
the distribution experimentally, the retarding potential 
method is used. The resulting photoelectric current varies 
with collector voltage as shown by the solid line of Fig. 2 • 25. 
For any collc(;tor voltage, the collected current consists of 
ele(;trons which have emission energies in excess of the retard- 
ing voltage on the collector (for no contact difference of 
potential), so the solid curve docs not represent a true energy 
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Fig. 2-25 Voltage-current curves for sodium-potassium alloy and 
energy distribution of photoelectrons. (Reprinted with permission 
from Photoelectric Phenomena, by A. L. Hughes and L. A. DuBridge, 
published by McGraw-Hill, 1932, p. 128.) 

distribution but is an integrated distribution. The deriva- 
tive of this curve indicates true energy distribution, shown 
by the dashed curve. This energy distribution depends 
upon the nature of the surface as indicated by Fig. 2-26, 
and the thickness as shown in Fig. 2-27. The total range 
of energies of photoelectrons for monochromatic incident 


light is from zero to a maximum determined from equa- 
tion 2 • 18. The maximum obviously depends not only upon 
the frequency of the incident radiation but also upon the 
work function of the surface. 



ELECTRON VELOCITY 

Fig. 2 -26 Effect of gases on the velocity distribution of photoelectrons 
from platinum for 2536A.: I, fresh specimen; 11, after 2 hr of heating 
in vacuum; III, after standing 15 hr in oxygen at 60 mm pre.ssurc; 
IV, afU^r further healing in vacuum. (Reprinted with permission from 
Photoelectric Phenomena, by A. L. Hughes and L. A. DuBridge, pub- 
lished by McGraw-Hill, 1932, p. 127.) 

Polarization of incident light has a large effect on spectral 
distribution, but no effect on energy distribution of photo- 
electrons.®® 

The effect of temperature on photoelectric emission has 
been investigated by Cardwell,®® Winch,*® and others. Large 
variations in temperature produce changes in the photo- 
electric surface, which in turn change its spectral distribution, 
(^hanges in crystal structure, composition, or even state 
(solid to liquid) can, of course, be produced by variations in 
temperature. A further temperature effect is caused by 



Fig. 2-27 Energy distribution of photoclcrtrons from silver: (1) thick 
layer; (2) film thickness, 3 X 10~® cm; (3) 10~® cm; (4) theoretical curve. 
(Reprinted with permission from Photoelectric Phenomena, by A. L. 
Hughes and L. A. DuBridge, published by McGraw-Hill, 1932, p. 231.) 

temperature variations of electron energies in the photo- 
electric cathode. This is particularly noticeable for fre- 
quencies near the threshold (Fig. 2-28), and makes accurate 
determinations of the photoelectric threshold difficult by 
observing the intercept in the spectral distribution. In 
developing a theory for temperature effect, Fowler *® arrived 
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at a new method for determining the threshold which com- 
pensates for the temperature of the cathode. This is de- 
scribed later. 

The influence of electrostatic fields on photoelectric emis- 
sion has not l>een thoroughly investigated, but the results of 
I.awrence and Linford ^ and the theory of Guth and Mullin “ 
indicate that the reduction in the threshold frequency is 



WAVE LENGTH IN A 


Fig. 2*28 Spectral distribution curves for silver at 20 ®C and 
600°C. (Reprinted with permission from Photoelectric Phenomena, by 
A. L. Hughes and L. A. DuBridge, published by McGraw-Hill, 1932, 

p. 99.) 

proportional to the square root of the field at the surface of 
the cathode. This is consistent with the Schottky theory 
and with equation 2-14, which can be rewritten 

A(W = h(»'o - i-o) = -eV^ (2-21) 

where vq is the zero-field threshold frequency and v'o is the 
threshold frequency with an electrostatic field E at the 
cathode surface. 

Theories of Photoelectric Emissioii 

Many theories have been proposed,^ each of which in its 
turn appeared to explain more of the characteristics of 
photoelectric emission, but no theory has satisfactorily 
explained all the observed phenomena quantitatively. 

The first treatment of photoelectric emission based on the 
Sommerfeld theory of electrons in metals, the DeBroglie 
wavelength for electrons, and a wave-mechanical analysis 
of the interaction of electromagnetic radiation j:>n electrons 
was that of Wentzel.* He considered electrons in the metal as 
standing waves, the wavelengths of which are determined 
by the DeBroglie relation (equation 2*10). -These standing 
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waves are perturbed by the incident radiation of frequency v. 
After Schroedinger’s wave equation and the boundary condi- 
tions have been satisfied, an analytical expression is obtained 
for the probability that the energy of the electron wave will 
change because of the perturbing effect of incident light. 
Wentzel found this probability small except for an energy 
change of hv, the Einstein concept of the energy of a quantum. 
A general expression for photoelectric emission current is 
then obtained by integrating the probability expression over 
all values of momenta consistent with the Fermi distribution 
function. For {Wa — < hv < Wat which includes most 



Fig. 2-29 Spectral-distribution curves for potassium: (1) theoretical 
curve; (2) experimental curve. (Reprinted with permission from 
Photoelectric Phenomena, by A. L. Hughes and L. A. DuBridge, pub- 
lished by McGraw-Hill, 1932, p. 232.) 


experimental measurements, the photoelectric current is a 
function of both Wa and Wi instead of just {Wa — Wi), the 
work function. This makes it possible for the theoretical 
spectral distribution to have a variety of shapes as well as 
thresholds. Houston ^ indicated that WentzeFs theory was 
in error because he integrated the probability over the 
momenta in all directions, whereas the integration should 
have been carried out only for momenta in the x-direction, 
that is, for electrons having components of momenta normal 
to the surface. After performing the integration in this 
manner, Houston arrived at an expression for the photoelec- 
tric current which results in the theoretical spectral distribu- 
tion for potassium. Compared with the experimental distri- 
bution obtained by Fleischer and Teichmann,®® this is in good 
agreement with experiment only for frequencies near the 
threshold {v < 2vo). 

Frohlich applied the method of Wentzel to a thin-film 
photoelectric surface with irregularities assumed to be small 
compared with the DeBroglie wavelength of the photoelec- 
trons. The general shapes of the spectral-distribution curves 
obtained by Frohlich indicate that the thin-film theory 
predicts spectral distributions that are of the correct 
shape qualitatively. The theory also qualitatively explained 
polarization selectivity. Reasonably good agreement was 
obtained between the energy distribution of photoelectri- 
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cally emitted electrons as determined theoretically by Fr6h- 
lich and experimentally by Lukirsky and Prilezaev “ as 
shown in Fig. 2-27. 

The theories and experimental results do not agree quanti- 
tatively on the photoelectric currents emitted for various 
frequencies of incident radiation. This agreement has been 
attained, however, by a theory of Tamm and Schubin.®^ 
They assume that the energy of the incident quanta must 
be absorbed by electrons bound in the metal or electrons 
held just outside the metal by the surface work-function 
field. They treat the quantum-electron interaction in a 
manner similar to that used by Wentzel. The spectral dis- 
tribution resulting from their analysis agrees with the experi- 
mental results of Suhrmann and Theissing®* both qualita- 
tively and quantitatively, as shown in Fig. 2-29. 

Some of these theories explain a single maximum in the 
spectral-distribution curve, but they do not show cause for 
a double maximum, as for a composite surface of cesium- 



Fia. 2 • 30 Potential-energy diagram sho\iing selective traastnisHion of 
potential barrier. (Reprinted with permisHion from Photoelectric Phe- 
nomenaj by A. L. Hughes and L. A. DuBridge, published by McGraw- 
Hill, 1932, p. 240.) 

on-cesium oxide-on-silver. A theory of Campbell and 
Fowler,®® however, indicates the possibility of a second maxi- 
mum for composite surfaces. Their explanation of this 
example of the selective photoelectric effect is based on a 
selective transmission of electrons through surface barriers 
characterized by a double hump, such as that shown in 
idealized form in Fig. 2-30. Using a wave-mechanical treat- 
ment, Fowler obtained an analytical expression for the 
transmission coefficient D for such a potential barrier. lie 
found that Z> == 0 for IF < Wa and Z) = 1 for 1F» Wi. 
For intermediate values of energy D is small, but for certain 
critical values of IF, D becomes significantly large. The 
values of IF for which D exhibits maxima satisfy the relation 

nX 

— = a (2-22) 

2 

where 

X = Jl = ft 

"" mev V2me{W - H^o) 

and where a is the width of the potential minimum as shown 
in Fig. 2 ‘30, n is an integer, and X is the DeBroglie wave- 
length for an electron of energy IF — IFq. The obvious 
explanation for the maximum values of D is that, for trans- 
mission, the potential minimum must have a width such 
that it is resonant for the frequency of the electron waves 
which penetrate the first barrier. This implies that standing 


waves are formed between the two potential maxima. Since 
photoelectric current is proportional to the transmission 
coefficient, and the energy IF of the electron in the metal 
after absorption of the quantum is equal to its initial energy 
in the metal as determined by the Sommerfeld theory plus 
the absorbed energy hvj the spectral distribution should 
possess as many maxima as the transmission coefficient does 
for the range of energies used experimentally. For most 
composite surfaces, IF — IFo has values that restrict n of 
equation 2*22 to the single value of unity, although a few 
surfaces have sufficiently low values of IFo to enable n to 
take on two values. In the former case a single maximum 
in the spectral distribution curve results; in the latter a 
second maximum appears. This theory thus can explain 



Fig. 2-31 Number of electrons per unit volume having x-associatecl 
energies at least equal to Wx/Wi, 


qualitatively the general shape of spectral-distribution 
curves which display a selective photoelectric effect. 

The effect of temperature on photoelectric emission has 
already been mentioned, but no detailed account of it was 
given. Returning to the Sommerfeld theory of electrons in 
metals, it has been shown in Chapter 1 that the energy 
distribution of electrons in a metal at absolute zero and at 
1500 degriH^s Kelvin is as shown in Fig. 1 • 10. At a tempera- 
ture of absolute zero the kinetic energies of the electrons 
range from zero to a maximum Wi. At temperatures above 
absolute zero relatively few electrons possess kinetic energies 
greater than IF,-, the number having energies less than IF* 
being diminished by the same amount. Since the x-associ- 
ated energies instead of the total energies enable electrons 
to be emitted, an expression for the number of electrons per 
unit volume with x-associated energies between IF* and 
IF* + dIF* can be obtained by integrating the Fermi-Dirac 
distribution function. By integrating the result thus ob- 
tained for absolute zero, the number B(IF*) of electrons per 
unit volume at T = 0 which have x-associated energies at 
least equal to IF* is determined. The expression is 


[B{Wx)]t^o 



(2-23) 


where n is the electron concentration. Equation 2-23, 
plotted in Fig. 2*31, indicates that the curve intercepts the 
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ir,-axis with zero slope at = If,-. At temperatures 
above ab.solute zero, the cur\e approaches the If^-axis 
asymptotically. If an electron of kinetic energy If, absorbs 
the energ.v of a quantum hv of incident light, its resulting 
energj’ If', i.s given by 

If, = Ifx + hv (2-24) 

Since the energ>' If', determines whether the electron pos- 
sesses sufficient energy to pass over the surface potential 



Fio. 2*32 Fowler’s method of determining the true photoelectric 
thrf38hold. (Reprinted with permission from Photoelectric Phenomena^ 
by A. L. Hughes and L. A. DuBridge, published by McGraw-Hill, 

1932, p. 244.) 

barrier of height TTo, the photoelectric current must depend 
upon the initial energy distribution of the electrons in the 
metal, and it is directly proportional to the number of elec- 
trons having x-associated energies W'x greater than Wa- 
The asymptotic nature of the curve shown in Fig. 2*31 for 
temperatures above absolute zero indicates that the inter- 
cept method of determining photoelectric threshold is inaccu- 
rate because the value thus obtained depends upon the 
temperature of the surface and the sensitivity of the measur- 
ing apparatus. As stated previously, Fowler's “ theory of 
temperature effect provides a method of determining photo- 
electric threshold in which the temperature of the surface 
does not affect the result. Letting 

hv — e4> h(v — pq) 

^ “ kT “ kT ' 

Fowler found that the relation between photoelectric current 
/, surface temperature T, and frequency v of the incident 


radiation can be represented by an analytical expression of 
the form 




= B H- log/(T) 

(2 
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The plot of log (I/T^) versus hv/kT as determined by equa- 
tion 2 * 25 is shown in Fig. 2 • 32. Also indicated is the method 
of determining the work function and photoelc(;tric threshold 
of a surface by observing the horizontal displacement of the 
observed curve required to ‘‘match” it to the theoretical one, 
the necessary vertical displacement being a measure of the 
constant /^, which has no particular significance. This is 
not only an improved method of determining and vq but 
also a verification of Fowler's theory of the temperature 
dependence of photoelectric emission. 

2*6 SECONDARY ELECTRON EMISSION 

Electron emission resulting from bombardment of the 
surface by electrons is called secondary electron emission. In 
measuring secondary electron currents, all electrons from 
the secondary emitter are unavoidably collected. If a mate- 
rial is bombarded by electrons, the electron current from it 
consists not only of emitted ele(;trons but also of primary 
(or bombarding) electrons reflected from the surface. The 
distinction between reflected and true secondary electrons 
can be made on the basis of their energies. Secondary elec- 
trons are only those electrons actually emitted from the 
bombarded target. This distinction is important theoret- 
ically, but is of limited practical significance, because usually 
the number of electrons actually emitted from the target is 
much greater than the number reflected. The secondary 
emitting properties of a surface usually are described in 
terms of its yield 6, which is the average number of secondary 
electrons produced by one bombarding electron. 

Theory of Secondary Electron Emission 

The mechanism of secondary emission cannot be simply 
one of the impact of primary electrons with the free elec- 
trons of conduction of the metal. This would violate the 
law of conservation of momentum. More involved mech- 
anisms, such as the interaction of primary electrons and the 
lattice, interaction between the primary electron and bound 
electrons of the lattice, and multiple collisions must be 
considered. 

The theory of secondary electron emission leaves much to 
be desired. In fact, there are two principal theories which 
are basically different. One has been suggested by Bruin- 
ing and others ” and the other by Timofeev and others.** 
Although the theories are so different, they both explain 
secondary emission phenomena well enough so that it is 
impossible to decide between them. 
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The principal difficulty in setting up a theory is that the 
theory must explain not only the secondary emission of 
metals, but also the high secondary emission of composite 
surfaces. Frdhlich in 1932 analyzed the secondary elec- 
tron emission of metals by means of quantum mechanics, 
and arrived at a fairly satisfactory agreement with experi- 
mental results. His theory is not applicable to composite 
surfaces. 

Bmining believes that secondary electrons are released by 
collision of primary electrons with bound electrons of the 
lattice. According to this theory, the low secondary electron 
emission of metals is caused by the large number of unoc- 
cupied energy bands in a metal. Semi-conductors have 
higher emission because they have no unoccupied energy 
bands. Hence, in a semi-conductor a secondary electron is 
less likely to lose its energy on its way to the surface, and 
therefore has a greater chance of being emitted. 

The theory of Timofeev is based on the insulating qualities 
of a composite cathode. He asserts that the high secondaiy 
emission of composite cathodc^s is caused by field emission 
produced by positive ions left behind when secondary elec- 
trons are emitted. The positive ions, in a manner similar to 
the thin-film field emission of Malter (discussed later), 
set up a high potential gradient which results in emission of 
electrons from within the semi-conductor. This effect is 
called an inertia-less Malter effect because there is no charac- 
teristic time delay in the rise and fall of the high secondary 
emission. The explanation of this is that no great charge 
need be built up and the positive ions which set up the high 
potential gradient recombine rapidly. Timofeev estimated 
the recombination time as lO""® second, in which time an 
electron of one volt energy would travel centimeter 

(which is about 10^ times as great as the distance that must 
be traversed by a secondary electron). Hence, positive ions 
could cause the emission of numerous electrons before being 
neutralized by recombination. A secondary electron, on 
reaching the surface, is pulled away by the external electric 
field produced by the positively charged collector. 

In brief, Timofeev believes that secondary emission of 
composite surfaces is composed of two distinct phenomena: 
ordinary secondary emission which is characteristic of 
metals with low coefficients of secondary emission (5 < 2); 
and additional secondary omission produced by positive 
charges set up by the usual secondary electron emission, 
and which is composed of the field emission produced by the 
positive charges set up on the surface. 

According to this theory the secondary emission of metals 
is low because of their high conductivity, which leads to 
rapid neutralization of the positive charge. A good second- 
ary electron emitter is therefore a semi-conductor with metal 
molecules interspersed inside to provide centers for the pro- 
duction of field emission. 

Yield and Types of Surfaces 

Secondary electron emitters can be divided into several 
classes: 

1. Metals. 

2. Oxides of metals of high work function. 

3. Compounds of metals. 


4. Composite cathodes. 

5. Insulators. 

6. Thin-film field emitters. 

Metals. All pure metals have low secondary emission 
(^max < 2). In making measurements, the slightest traces 
of oxides and other impurities must be excluded, for they 
can produce a four- or five-fold increase in secondary emission. 

Secondary emission from surfaces is extremely sensitive 
to the slightest traces of impurities, so various experimenters 
disagree on the values of yield for surfaces. Probably the 
differences in yield are caused by variations in vacuum and 
in surface purity. For this reason it is difficult to make an 
accurate ejuantitative comparison between many of the 
published values of secondary-electron emission yield. The 
values given in this (chapter are therefore subject to the 
same criticism and can be accepted only after the conditions 
under which they were obtained have been investigated. 

Low work function does not necessarily mean high second- 
ary emission, because se(^ondaiy emission is not merely a 
matter of electron emission from the surface of a solid. It 
is a phenomenon which, in addition, involves excitation of 
secondary electrons by primary electrons, and the travel of 
secondary electrons to the surface of the emitter. Only 
when secondary electrons reach the surface of the metal does 
the phenomenon become one of cle(*tron emission from the 
surface. Hence, the stmeture of the emitter is of great 
importance. 

In just one case is there a correspondence of secondary 
electron emission and work function. That is the secondary 
electron emission of metals under the bombardment of slow 
primary electrons^®* (10 to 15 volts). For this condition, 
the lower the work function is, the higher the secondaiy 
emission. However, maximum secondary emission in metals 
is at much higher voltages (500 to 600 volts), for which 
secondary emission does not correspond to work function. 

Table 2.4 Correlation of the Work Function and Secondary 

Electron IOmibsion Yield with Density of Several Elements 

Primary 




Work 

Maximum 

Electron 


Density 

Function 

Yield 

Energy 

Metal 

(g per cc) 

(e.v.) 

(max) 

(e.v.) 

Li 

0.53 

2. 1-2.9 

0.55 

100 

K 

0.86 

1.76-2.25 

0.69 

300 

Rh 

1.5 

1.8-2.19 

0.85 

400 

Mg 

1.7 

2.42 

0.95 

300 

Be 

1.8 

3.16 

0.90 

200 

Cs 

1.9 

1.80-1.96 

0.90 

400 

A1 

2.7 

2. 5-3. 6 

0.97 

300 

Ba 

3.8 

2.11 

0.90 

400 

Sn 

7.3 

4.17-4.50 

1.35 

500 

Fe 

7.8 

4.72-4.77 

1.32 

400 

Ni 

8.8 

5.01-5.03 

1.27 

500 

Cu 

8.9 

4. 1-4.5 

1.36 

500 

Mo 

9.0 

4.15 

1.22 

400 

Bi 

9.8 

4. 0-4. 4 

1.35 

500 

Ag 

10.5 

4.08-4.76 

1.47 

800 

Pb 

11.3 

3.5-4. 1 

1.08 

500 

Ta 

11.8 

4.12 

1.35 

600 

W 

19.1 

4.52 

1.43 

700 

Au 

19.3 

4.42-4.92 

1.47 

700 

Pt 

21.4 

6.32-6.27 

1.78 

700 
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If the density of the secondary-emitting metal is taken 
into account, a correlation between work function and 
secondary emission yield can be found. For metals of low 
density (p < 4 grams per cubic centimeter) and a low work 
function (0 < 4 electron volts) the maximum secondary 
emission yield is less than unity, as shown in Table 2*4. 
For substances of higher density (p > 7 grams per cubic 
centimeter) and with a high work function (0 > 4 electron 
volts) the maximum secondary emission yield is greater than 
unity. The lower yield for metals of low density and the 
higher yield for those of higher density can be explained on 
the basis of the difference in penetration of primary elec- 
trons. Primary electrons penetrate more deeply in mate- 
rials of low density, resulting in a smaller yield because the 
secondary electrons are liberated at greater depths and suffer 
more energy loss by collision with atoms of the metal before 
they reach the surface. 

Oxides of High-Work-Function Metals. Metals of high 
work function having an oxide layer on their surface have a 
low secondary emission yield, 5,nax for copper oxide, molyb- 
denum oxide, and silver oxide being 1.19, 1.33, and 1.18 
respectively. 

Compounds of Metals. Metallic compounds have second- 
ary emission yields higher than the metals from which they 
were derived. Maximum yields range from 2 to 9. Yields 
for some metallic salts arc given in Table 2*5. 

Table 2*5 Secondary Electron EMrssiON Yield for Several 
Metallic Compounds 


Metallic Ck)mpound 

Maximum 

Yield 

Barium oxide 

BaO 

4.8 

Sodium chloride 

NaCl 

6.8 

Lithium fluoride 

LiF 

5.6 

Sodium fluoride 

NaF 

5.7 

Ck)pper fluoride 

CuF 2 

3.15 

Barium fluoride 

BaFs 

4.5 

Potassium chloride 

KCl 

7.5 

Rubidium chloride 

RbCl 

5.8 

Cesium chloride 

CsCl 

6.5 

Sodium bromide 

NaBr 

6.25 

Sodium iodide 

Nal 

5.5 

Potassium iodide 

KI 

5.6 


Composite Cathodes. Still greater secondary emission 
yields are obtained from composite cathodes, properly acti- 
vated.^®* Typical maximum yields are given in Table 2*6. 
For composite cathodes, the highest yield is obtained from 
cathodes which have built-in atoms of low-work-function 
metals. 

Insulators. Though insulators may have some secondary 
emission,'®^ the potential of the surface of the emitter always 
adjusts itself so that the net current to the emitter is zero. 
If the yield is less than one (5 < 1), the emitter charges 
negatively until it reaches the cathode potential. If the 
secondary emission yield is greater than one (5 > 1), the 
emitter becomes charged positively so that the secondary 
electron current is equal to the bombarding current, net 
current being zero. In vacuum tubes the glass walls become 
charged positively and sometimes cause high-wltage elec- 
tron bombardment sufficient to melt the glass wall at the 
point. The maximum yields of quartz and glass are about 
2.9 and 3.15. 
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Table 2*6 Secondary Electron Emission Yield for Several 
Composite Cathodes 


Composite Cathode 

Maximum 

Yield 

Primary 

Electron 

Energy 

(e.v.) 

Semi-conductor 

Inbuilt 

atoms 

Molybdenum oxide 

MoOs 

Pt 

1.25 

1200 

Silver oxide 

Ag^O 

Au 

1.2 

600 

Silver oxide 

Ag 20 

Ni 

1.8 

600 

Silver oxide 

AgsO 

Cs 

9.0 

800 

Silver sulphide 

AgjS 

Ca 

17.5 

400 

Cesium oxide 

C 82 O 

Au, Ag 

4.5 

800 

Cesium oxide 

C 82 O 

Ag 

7.2 

350 

Beryllium oxide 

BeO 

Ni 

12.0 

750 

Potassium iodide 

KI 

Cs 

12.6 

1800 

Cesium chloride 

CsCl 

Cs 

13.7 

1700 

Sodium chloride 

NaCl 

Cs 

22.7 

1400 

Sodium chloride 

NaCl 

(Na) 

9.7 

700 

Magnesium fluoride 

MgF 2 

(Mg) 

4.1 

800 

Magnesium oxide 

MgO 

(Mg) 

7.5 

550 

Barium oxide 

BaO 

(Ba) 

6.0 

500 


Ttdn-Film Field Emitters. Thin-film field emission was 
first observed by Malter and is therefore sometimes called 
the Malter effect, A typical surface showing this effect is 
made by forming a thin film of aluminum oxide (about 
2000 angstrom units thick) on an aluminum base, and then 
covering with a layer of cesium. If this type of surface is 
bombarded by electrons, secondary emission yields are 
1000 times the usual values. Further, the high secondary 
emission is not obtained immediately after the primary beam 
is turned on but rises slowly to the maximum. In addition, 
when the primary electron beam is turned off, the secondary 
emission does not immediately go to zero, but decreases 
slowly. Malter attributed the abnormally high secondary 
emission to field emission from the base metal. The high 
field is set up by positive charges left on the surface by emis- 
sion of secondary electrons, acting through the thin film of 
aluminum oxide. The presence of positive charges on the 
surface has been demonstrated experimentally, thus sup- 
porting Malter^s explanation of thin-film field emiasion, 
which is now well founded. 

Characteristics of Secondary Electron Emission 

Secondary electron emission varies not only with surface 
conditions and type of emitter, but also with other factors, 
such as the primary electron energy and the angle of inci- 
dence of primary electrons. The energy distribution is one 
of the characteristics of secondary electron emission. 

Energy Distribution. Electrons from a surface bombarded 
by primary electrons can be collected by a more positive 
electrode in the vicinity. The electrons collected have the 
energy distribution shown in Fig. 2*33. Three types of elec- 
trons are to be distinguished:^®® I, elastically reflected 
electrons of the same energy as the primary electrons; II, 
inelastically reflected electrons; and III, true secondary elec- 
trons, which actually originate from within the emitter. The 
energy of the true secondary electrons, III, is low, generally 
below 10 electron volts. 


Electron Emission 
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Variation of Secondary Emission with Primary Energy. 
Secondary emission of solids varies with the energy of the 
primary electrons. For low energy, increased primary 
energy enables the bombarding electron to supply more 
energy; hence, it results in increased secondary emission. As 



SECONDARY ELECTRON VELOCITY AS 
PERCENTAGE OF PRIMARY IMPACT ENERGY 


Fio. 2-33 Velocity distribution of secondary electrons for a primary 
electron in.pact energy of 155 volts. (Rtiprinted with permission from 
J. H. Ow(!n Harries, “Secondary Electron Radiation,’’ Electroniat, Sept. 

1944, p. 100.) 

the energy of the primary electron is increased, however, 
the penetration increases, and secondary electrons are lib- 
erated at greater depths beneath the surface. The secondary 
electron then has farther to travel to get to the surface. 
Energy losses in collisions on the way to the surface reduce 
the energy jf the secondary electron and therefore decrease 
secondary' emission. Variation of the secondary emission of 
a metal with energy of the bombarding electrons is shown in 
Fig. 2*34. A broad maximum occurs at about 500 volts, 
and there is a slow decline thereafter. 



Fid. 2*34 Typical secondary emission yield-primary impact energy 

curve. 

Variation of Secondary Emission with Primary Angle. 

Secondary emission of solids varies also mth the angle of 
incidence of primary electron. It is maximum for oblique 
angles of incidence and minimum for normal incidence, be- 
cause of the difference in penetration of primary electrons. 
Figure 2-35 indicates variation of secondary emission yield 
for various surfaces with angle of incidence of the primary 
beam. 


Angular Distribution of Secondary Emission. Secondary 
electrons do not leave the surface in equal numbers at all 
angles. The angular distribution follows the cosine law. 
Maximum emission is normal to the surface and decreases as 
the angle to the normal increases. 

Effect of Temperature. Secondary emission of metals 
seems to be almost independent of the temperature.'®* In 
the following metals it varies less than 4 percent over the tem- 



INCIDENT ANGLE OF PRIMARIES 

Fig. 2 *35 Dependence of secondary emission yield upon the angle of 
incidence of the primary electrons. (Reprinl^^d with permission from 
J. H. Owen Harries, “Si^condary Electron Radiation, Electronics ^ Sept. 
1944, p. 105.) 

perature ranges shown: tungsten, from 300 to 1700 degrees 
Kelvin; copper, from 300 to 750 degrees Kelvin; and molyb- 
denum, from 300 to 1600 degrees Kelvin. Changes in second- 
ary emission yield for iron, nickel, and cobalt correspond to 
the changes in crystal structure ; however, these changes are 
less than 2 percent. 

Secondary emission of composite cathodes varies with 
temperature, usually increasing with temperature. In- 
creased secondary emission is explained by Bruining on the 
basis of the increased conductivity of the intermediate 
layer. 
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Chapter 3 


CONTROL OF FREE ELECTRONS 

H. J. Dailey and J. H. Findlay 


A FTER release from a solid body, or emitting surface, 
/jL an electron can be controlled and can be made to 
XjIL perform various functions. Since such an electron 
has a known electrostatic charge, the path it will follow can 
be accurately predicted when the difference of electric inten- 
sity can be calculated or measured. 

This chapter deals with electrons in motion, the prediction 
of their behavior, and electrostatic means for controlling 
them after their release from the cathode. 


31 POTENTIAL GRADIENT, ELECTROSTATIC PO- 
TENTIAL, ELECTRIC INTENSITY 

The movement of an electron from one point to another 
in space is governed by the potential difference between 
these positions. The volts per centimeter between these 
two points is the 'potential gradient. The electric intensity 
(electrostatic field intensity) at a point is dimensionally and 
numerically equal to the potential gradient at the same 
point, although of opposite sign: 


conversely 

V2 ~ = 


dV 

electrostatic units 

dx 



E dx electrostatic units 


(3-1) 


(3 -la) 


In equation 3* 1, dx represents an incremental distance along 
the path of the electrostatic flux lines between points 1 and 2. 
Since E is a vector, it may be given in the rectangular co-ordi- 
nate system: 

dV dV dV 

E, = , E, = , E. = -— (3-16) 

dx dy dz 

The application of equation 3 -16 to the electrostatic field 
between parallel plates usually involves only one dimension. 
For this special case, equation 3 -lb becomes e<iuation 3-1. 

A graphical illustration of equation 3-1 is shown in P’ig. 
3* 1. Distance between plates is represented to an arbitrary 
scale horizontally and the voltage between plates to an arbi- 
trary scale vertically. The tangent of the angle between 
line AB and the horizontal at all points from x = 0 to a: = a 
represents the potential gradient at that point. The steeper 
the slope is, the greater the gradient and the greater the 
acceleration of an electron between the two plates. With 


no space charge between plates 1 and 2, the gradient at all 
points is equal to E/a, or as shown in Fig. 3'1 the gradient 
is also (F*, — F„)/(x 2 - xi). 

The slope of line AB in Fig. 3-1 can be compared to a 
slope down which a ball is rolled. The steeper the sloi}e the 



Fia. 3*1 Potential distribution in a space-charge-freti parallel-plane 

diode. 

faster the ball will roll, and likewise the steeper the potential- 
gradient slope the faster will be the acceleration of electrons 
between plates 1 and 2. 

3*2 SPACE CHARGE 

If a space between parallel plates contains no space charge, 
the voltage gradient between those plates is constant. If 
the negative plate is an unlimited source of electrons and if 
a potential difference exists between the plates, the number 
of free electrons between the plates will increase until their 
number is limited by the potential difference between those 
plates. The voltage gradient is now no longer constant. 

When electrons pass from the cathode to the anode, then 
the graphical representation shown in Fig. 3-1 changes to 
that shown in Fig. 3*2. As the electron density between 
plates 1 and 2 increases, E and the potential distribution 
change as the electron density increases from zero to the 
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maximum that potential E can produce. The potential 
distribution then changes from that shown by the dotted 
lino to that of the heavy line, and the current is said to bo 
spacc-chargr limited. Figure 3-2 shows that E varies over 
the distance from x = 0 to j; = a. Wlien x is approximately 



Fig. 3*2 Potential distribution in a space-charKtvfrw an<l, umW 
complete space-charge conditions, in a parallel-plane diode. 

zero, then dVjdx is also approximately zero. This indicates 
that for full space charge the electric intensity (or voltage 
gradient) at the source of electrons is essentially zero. 

As electron density increases, the negative charge of the 
electrons reduces the effectiveness of the positive potential 
E in establishing an effective potential in the space between 
plates. The number of electrostatic flux lines passing through 
a unit area establishes the electric intensity at that point. 
The electrons in the space between plates provide terminal 
points for the electrostatic flux lines emanating from the 
positive plate. Thus the number of lines per sejuare centi- 
meter decreases from right to left in Fig. 3-2, so that for full 
space charge essentially no flux lines terminate at the cathode 
surface. The velocity of an electron when it arrives at a 
positive electrode is the same for full space charge as for the 
space-charge-free condition. The time of flight of the elec- 
tron from cathode to anode under similar conditions is differ- 
ent, as explained in Section 3 • 10. 


3-3 POISSON’S AND LAPLACE’S EQUATIONS 

Potential distribution diagrams such as those in Figs. 3 • 1 
and 3-2 are most useful for simple geometric figures. Their 
usefulness may be expanded, however, to any configuration, 
if it is desirable to delineate the potential gradients 
graphically. 

As explained in Section 3-2, the potential in-space varies 
as the charge density p. In three-dimensional co-ordinates, 
the space potential V and the charge density p are related 
thus: ^ 


d^V 

— r- H ;r- H r- = --4irp electrostatic units (3-2) 

dar dir 


For one-dimensional configurations, equation 3-2 becomes 


d^V 

— -= -‘47rp electrostatic units 
dx^ 


(3-3) 


For the cylindrical co-ordinate system equation 3-2 
becomes 


ld/rdV\ 1 d-r d^V 
r dr \ dr / r^ d^^ ^ dz^ 


— 47rp 


(3-4) 


For the spherical co-ordinate system equation 3 • 4 becomes 
Id/r^dFX 1 d/ dF\ 1 d^F 

dr \ dr / r^ sin 0 06 V 00 ) ^ sin^ 0 0<t>^ 


= — 47rp (3 • 5) 


In the cylindrical co-ordinate system, the charge density 
and potential are usually symmetri(^al about the axis of the 
cylinder; thus equation 3-4 becomes 


1 d /rdIA 
r dr \ dr / 


= — 47rp 


(3-6) 


Equation 3-6 may be converted to 


dH' 

(d log. r)=* 


= -2p'r 


(3'6al 


whci*c p' = 27rrp, the space charge density around the axis 
at radius r. Kquation 3*2 is known as Poisson’s equation. 
Equations 3-2 and 3*3 show that the rate of change of the 
gradient varies as 4t times the charge density p, and that the 
right side of equations 3 * 2 and 3 • 3 will be positive for electron 
densities and negative for positive-ion densities. 



Fig. 3*3 Three-dimennional graphical representation of the potential 
distribution between parallel planes under space-charge-free conditions. 


Calculations for electronic tubes usually involve space- 
charge-free conditions. Usually space-charge-free condi- 
tions are obtained by proper spacing of the elements and by 
applying potentials that cause a negative gradient at the 
cathode surface, thus preventing electron emission. 
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For space-charge-frec conditions, equation 3-2 becomes 

(3-66) 


d^V d^V d^V 
+ — + — = () 


dx 


dy^ dz^ 


This equation is known as the Laplace equation. For one- 
dimensional fields, it becomes 


(fiV 


= 0 


(3*6c) 


In rectangular co-ordinates the electric intensity between 
parallel plates may be written 


dx dy dz 


~E 


(3. fid) 


Equation 3 -fid is illustrated in Fig. 3*3. Between plates 
M and iV is a potential difference £, represented to an arbi- 
trary scale vertically on plate N. Plate M contains the 
y-axis, and the x~ and y-co-ordinates are laid out at ecjual 
angles from plate M, 


3-4 CONSTANT-POTENTIAL LINE DISTRIBUTION 

In Fig. 3-4 (a), curves 1 and 2 delineate potential change 
between cathode and anode along two paths, the upper 
cur\’e between grid wires and the lower through grid wires. 
In Fig. 3*4 (h) are shown constant potential lines and elec- 
trostatic-flux lines under comparable conditions. At and 
near the cathode and anode surfa(;es the constant-potential 
lines are parallel to those surfaces. As the grid is approached, 



Fio. 3*4 (a) Potential distribution in a space-charge-freo parallel- 
plane triode (and its equivalent diode). 

the constant-potential lines deviate from straight lines be- 
cause of the presence of the grid wires. The points at which 
the constant-potential lines deviate from straight lines 
coincide with the points on Fig. 3*4 (a) at which curves 1 
and 2 begin to separate. Midway between grid wires there 


is a gradual transition from one gradient to another as shown 
by the gradual changing of the distance between constant- 
potential lines. 

If a thin rubber membrane is stretched between two plane 
surfaces so the angle between the horizontal and the rubber 



Fio. 3*4 (6) Spacc-chargc-frce constant potential line and electro- 
staticr-flux line map of a triode. 


membrane is comparable with the potential-gradient line 
in Fig. 3*1, and if rods arc pressed downward on the rubber 
membrane corresponding to the grid wires, then the eleva- 
tion contours on the rubber membrane correspond to the 
constant-potential lines in Fig. 3-4 (5). If the elevations are 
reversed, and the grid rods arc pushed upward from below, 
small lead shot, released from the cathode side, may be used 
to study the travel of electrons through varying gradients. 
With the elevations reversed, the shot do not tend to strike 
the grid. This condition corresponds to a negative grid. If 
the grid rods are pushed do^\mward, which for this mechan- 
ical demonstration corresponds to a positive grid, the shot 
now not only strike the grid but also remain in the depres- 
sions caused by the grid rods. This corresponds to electrons 
striking the grids and being taken into the grid-potential 
supply. Figure 3*4 (c) is a graphical illustration of the 
potential distribution in a space-charge-frcc triode with a 
positive grid. Curve 1 again represents potential distribu- 
tion between grid wires and curve 2 through grid wires. 
Now the gradient dV/dx between grid and cathode is greater 
than between grid and anode. As the amplification factor n 
is decreased (accomplished by increasing the spacing be- 
tween grid wires), there is a greater divergence between 
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cur\^es 1 and 2, and conversely they approach each other 
as /i is increased (accomplished by decreasing the spacing 
between grid wires). The negative slope of curve 2 to the 
right of the grid wire indicates that electrons are slowed 



Fig. 3 * 4 (c) Graphical illustration of potential distribution in a parallel- 
plane triode under space-charge-frce conditions when the grid is positive. 

adjacent to the grid, and the slower electrons that just miss 
the grid may return to it. If the electrons are ‘‘bunched'' 
or beamed, a sufficient current density may be obtained to 
make the slope of the composite potential distribution nega- 
tive to the right of the grid. This condition slows the elec- 
trons in their travel to the anode and is effective in preventing 
anode secondary electrons from returning to the grid. This 
effect is used in designing “beam tetrodes” and “beam 
pentodes.” 


3-6 SPACE-CHARGE CURRENT IN PARALLEL-PLANE 
DIODES 

The electron current between two plane electrodes with 
complete space charge, when an ample supply of electrons 
is available, is limited by (1) area of electrodes and (2) the 
potential difference between the electrodes. The electron 
current J per unit area, the electron density p, and the elec- 
tron velocity are related by 


Electron velocity v is 


J = pr 




(3*7) 

(3*8) 


where v = velocity an electron >vill have at any point which 
has a potential V in space or at an electrode at 
potential E 

e = the charge on the electron 
me « the mass of the electrons. 


Combining equations 3*3, 3*7, and 3*8 and solving the 
resulting differential equation, we obtain 


J 


2.33 X 10-^ 



(3-9) 


where Et = potential difference between cathode and anode 
a s distance between cathode and anode in centi- 
meters 

J = the current density in amperes per square 
centimeter. 


One step in the derivation of equation 3*9 is 

,2 

r- 

2 ^ 


2\dxJ 


(3*10) 


where J = current density 
V * space potential 
e = electron charge 
me = electron mass 

Eo = electric intensity at the cathode surface. 

In Fig. 3*2, the heavy or space-charge line is tangential 
to the horizontal at plate 1. From equation 3*7, 


p = — 


(3-11) 


Combining equations 3 • 8 and 3*11, 

J 


P = 


/2eVY 

\ me / 


(3*12) 


Since V approaches zero at the cathode and J is constant, 
then near the cathode p becomes large in comparison with p 
near the anode. With high electron density near the cathode, 
the anode voltage becomes less and less effective in releasing 
electrons from the cathode. The heavy line (condition of 
complete space-charge-limited current) in Fig. 3*2 shows 
that E approaches zero near the cathode. 

The Langmuir-Childs equation (3*9) neglects the effect 
of initial electron velocities, that is, the velocity the electron 
would have at the surface of the emitter if no anode voltage 
were applied. This initial velocity is small and usually may 
be neglected. 

In Fig. 3*5 the potential distribution for various condi- 
tions is shown: curve 1 for no space charge, curve 2 for nor- 
mal full space charge when electrons leave the cathode with 



Fig. 3*5 Potential distribution in a parallel-plane diode showing the 
variations of potential with initial electron velocity. 


essentially zero velocities, and curve 3 which shows a nega- 
tive dV/dx if initial electron velocities are appreciably 
greater than zero. A complete mathematical solution has 
been developed for the potential distribution existing between 
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parallel planes, whose initial electron velocities could be 
such that a virtual cathode is formed.*' * Where dV/dx is 
negative near the cathode, anode voltage Ei, has no effect 
on the number of electrons liberated. The current between 
the cathode on the left and the anode at the right is 
the same as if the source of electrons were at the point where 
dK/dx “ 0 on curve 3 in Fig. 3*6; that is, that point for 
the anode is the source of electrons, or is the virtual cathode. 

Initial electron velocities should be taken into account in 
dealing with close spacings and low voltages, but for most 
practical applications may be neglected. In tubes with 
cylindrical elements, the effect of initial electron velocity is 
even less pronounced. 

3*6 SPACE-CHARGE CURRENT IN CYLINDRICAL 
DIODES 

Similarly to the current flow in parallebplane structures, 
current density J' passing between the cathode and anode 
per centimeter of length, charge density p, and electron 
velocity v are related by 

= (3*13) 

Combining equations 3- 6a, 3-8, and 3-13, and solving the 
resulting differential equation, obtain 

y = 14.65 X — - f3-14) 


From equation 3*14, it is evident that current J' varies 
nearly inversely with ra, since 0^ contains r® and is not a 
rapidly changing function. The lower curve in Fig. 3-7 
indicates the potential distribution in a cylindrical diode 
with complete space charge. 



Fio. 3-7 Potential distribution in a cylindrical diode under space- 
charge-frcc and complete space-charge conditions. 

3-7 POTENTIAL DISTRIBUTION IN SPACE-CHARGE- 
FREE DIODES 


where fa is the radius of the anode 

0^ is a function of Va/rc with rc being the cathode 
radius. 

Values of 0^ may be obtained from Fig. 3-6. J' is the current 
per centimeter of length along the axis of the tube. 


r/r^ FOR VALUES GREATER THAN 20 



Fia. 3 • 6 Variations of with r/r*. (Reprinted with permission from 
Fundamentals of Engineering Electronics, by W. G. Dow, published by 
John Wiley, 1937.) 


In Fig. 3-1, the space-charge-free potential distribution is 
shown. Since the potential varies inversely as x, dV/dx is 
constant from one plate to the other (if distortion of the field 
at the edges of the plates is neglected). 

For cylindrical structures, the voltage gradient dV/dx is 


dV Eb 


dr 



where fa = anode radius 
rc = cathode radius 

r = any distance from cathode to anode. 


(3.15) 


At the cathode surface, the gradient is maximum: 



(3.16) 


A potential-distribution curve for cylindrical diodes struc- 
tures under space-charge-free conditions is the upper curve 
of Fig. 3*7. The minimum gradient is at the anode surface 
where 



(3-17) 


Tc 


3-8 COMPARISON OF CURRENT FLOW IN PARALLEL 
PLANE AND CYLINDRICAL DIODES 

An inspection of Figs. 3-2 and 3*7 shows that the voltage 
gradient near the cathode is greater for the cylindrical 
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structure. For a given cathode-to-anoiJe distajgice and at a 
given anode voltage a greater current will flow, or conversely 
for a given current less anode voltage will be required for 
the cylindrical structure. 

For parallel structures: 

J = 2.33 X (3 -9) 


where J = current in amperes per square centimeter of 
anode area 
Eh = anode voltage 

a ~ cathode-to-anode distance in centimeters. 


For cylindrical structures: 

E ^ 

y = 14.65 X 10-^ (3 - 14) 

TaP 

where J' = current in amperes per centimeter of length of 
the structure 

To = anode radius in centimeters 

= a function varjnng as ra/r^ (see Fig. 3 -6) 

Tc =* cathode radius. 

When the cathode-to-an(xle distances are the same, the 
current flow of the two structures may be compared. These 
distances are comparable when = a. 

Substituting (ca — Tc) for a and dividing equation 3*9 by 
equation 3 • 14, 

~ = 0.159 ^ - (3. 18) 

y ir, - 


This equation does not give a tme comparison of current 
flow for the two structures as the effective anode areas are 
not equal. To correct for area the factor To is used: 


J 

y 


0.159 



When fa =• 11, r* = 1, and = 1 (see Fig. 3-6), 


(3 19) 


- = 0.604 

y 


Since J/J' for a given cathode-to-anode distance is appre- 
ciably less than unity, cylindrical structures are preferable 
for lower anode voltage drop. 


between the potential line and the cathode decreases and 
curves 1 and 2 more nearly coincide, which indicates that 
the voltage gradient decreases at the cathode. As g in- 
creases, the condition shown in Fig. 3*8 is reached. Here 
curves 1 and 2 approach each other, and curve 2 at the left 
of the grid has decreased so that dV /dx at the cathode is 
negative. In Fig. 3*4 (a) g is low so that Ec + (Et/p) is 
positive even though Ec is negative; therefore dV /dx at the 
cathode is positive. In Fig. 3 *8, where p is high and Ec is 
negative, Eh/p is less than Ec) therefore dV /dx at the cathode 



Fig. 3*8 Put/ential cliKtribution in a spart»-chargo-frce parallel- 
plane high-/i triodc where Ec + {Eb/t*) < 0, with t‘qui valent dicxle 

represented. 

is negative. For the equivalent diode, this coincides with 
a negative voltage on the anode. The relation betwee^n 
Si, S 2 , and Ss has been given by Dow * as 

/ "b *S2 M "f” 2 \ 

=* »Si ( 1 H log cosh 27rHr ) (3*20) 

\ pSi 2irnfiSi / 

where r = grid wire radius in centimeters 
n = grid wires per centimeter. 


3*9 CYLINDRICAL AND PARALLEL-PLANE TRIODES 

If the electric intensities are known for a given tube struc- 
ture, the electron behavior is known for that structure. In 
Fig. 3-4 (o) a plane structure is shown in which the grid 
wires are spaced relatively far apart. With the cathode cold 
and voltages — and Eh applied to the grid and anode 
respectively, the potential distribution is as shown by the 
heavy lines. Curve 1 is the distribution midway between 
grid wires, and curve 2 is through a grid wire. A diode may 
be constructed with spacing Sz so that with au,.anode volt- 
age Ec + (Eh/p) applied, E(—dV/dx) at its cathode would 
have the same slope as shown in Fig. 3 • 4 (a) between cathode 
and grid. As p (amplification factor) is increased, the angle 


WTiere p > i equation 3*20 may be simplified to 

/ Si + S2\ 

Si\^l + ~^~ J (3 *21) 

without serious error. 

When the cathode shown in Fig. 3*9 emits an ample 
supply of electrons, the dV /dx distribution is shown for two 
continuous paths. One path between grid wires is shown 
as a dotted line, and the heavy line is through a grid wire. 
As the grid wires are approached, curve 1 deviates from 
curve 2. Notice that dV/dx is positive for curve 1 to the 
left of the grid wrire. For curve 2 it is positive, then zero, 
then negative. This means that no electrons will strike the 
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grid under this condition, that is, when the grid is negative 
with respect to the cathode. 

In Fig. 3 "10 there is no anode current since dV/dx at the 
cathode is negative. Any electrons then leaving the cathode 
are returned to the cathode by a negative force. 

An equation for current in parallel-plane triodes has been 
given by Fremlin • as 


J = 



(3-22) 


where J = amperes per unit area 

(So = cathodc'-to-anocle distance in centimeters 
Sg — cathode-to-grid distance in centimeters. 


The factor K is often called the “perviance” of a tube. 
For a cylindrical triode: 


K 


14.65 X 10“® 


- + 



(3-25) 


In equations 3*23 and 3*25, 





= anode radius 
= grid radius 
= amplification factor 

= a function of anode radius to cathode radius (see 
Fig. 3-6) 

= a function of grid radius to cathode radius (see Fig. 
3*6). 



Fig. 3*9 Pot>ontial distribution in a parallel-plane Iriode under space- 
charge conditions where Ee -f {Eb/y) > 0. 



Fio. 3 10 Potential distribution in a parallel-plane low-fx triode under 
spacre-charge-free conditions where Ee -f (Eh/y) < 0. 


Equations 3*9 and 3-22 show the similarity of the equa- 
tions of current in the diode and triode. The factor 
Ec + {Eh/y) shows that for all values of m this term may 
become zero for any value, plus or minus, of Ec or Eh. This 
indicates that for positive values of Eh the off-cathode gra- 
dient may be made negative (thus preventing emergence of 
electrons) by making Ec negative until Ec + {Eh / is cither 
zero or negative. At the point where the anode current 
just becomes zero, the ratio of anode voltage to grid voltage 
is termed the ‘‘cut-off’^ M of the triode. The same effect may 
be accomplished for positive values of Ec by making Eh 
negative until Ec + {Eh/y) equals 0 or is negative. 

For current in cylindrical triodes, the current, voltage, 
and spacings are related by 

14.65 X K)-® (a’c + — ) 
y (3 • 23) 

J' as current density in amperes per unit length. Since the 
current density J' varies as the term + {Eh/t/)f^ for a 
given tube structure, this equation may be written 

r-x(Fc + ^) (3-24) 


3-10 ELECTRON MOTION 

Thus far electron motion has simply been called a “cur- 
rent^’ in a vacuum. This section deals more with the in- 
trinsic properties of electrons when they are influenced by 
various electrostatic forces. Electron motion in an electro- 
static field is so analogous to the motion of a projectile that 
the term electron ballistics is often used. 

WTiere e is the electrostatic charge of the electron, is 
the mass of the electron, and E is the volts per centimeter 
acting on the electron, the acceleration, velocity, and dis- 
tance traveled are 



Ec , 



a = — = 

l(f 

centimeters per second per second 

(3*26) 

dt^ 

m. 

di 

V — — = 

Eet , 

: 10^ 

centimeters per second 

(3*27) 

di 

me 






10^ + C 

centimeters 

(3*28) 

2mc 




C = 0 if initial velocity is zero. The 10^ factor converts all 
units to the practical system. 

In equation 3*26 no factor indicates initial velocity. This 
equation applies equally well to electrons starting from rest 
and to those which have initial velocity. At any time and 
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at any place in their path a field of E (volts per centimeter) 
accelerates them by the degree determined by substituting 
that value of E in equation 3-26. Initial velocities must be 
adiUxl to determine final velocity. Equation 3-27 gives the 
velocity of the electron, starting from rest, at the end of 
t seconds in a constant field E. For a varying field, the 
velocity may Ire obtained by integration of equation 3-27, 
where the function representing the variation of E is substi- 
tuted. In equation 3'28, x represents the distance an elec- 
tron travels in t seconds in a constant field E. C is zero if 
the electron has no initial velocity. If C represents a finite 
velocity, Ct must be added to x. 

In mechanics the comparable equations are 


d^x F 

dfi m 

(3-29) 

where m = mass 


F = force acting on mass m 
a = acceleration. 


By inspection, F corresponds to Ec and 

corresponds to 

mass m. 

dx F 

vs = — / 

dt m 

(3-30) 

1 F o 

X — 

2m 

(3-31) 


In Fig. 3- 11, a unidirectional potential Eh with a super- 
imposed potential Eh cos ut is shown. It is assumed that 



Tia, 3*11 Theoretical voltage diagram for Et in a diode (or triode). 


electrons are permitted to leave the cathode of a diode at 
time to and when wf = 0 degrees, (w = 2rf and / is in cycles 
per second.) 

The acceleration in centimeters per second is 


(fix Ee 
dfi 


Ee cos wf . 
10^ 


(3-32) 


For small current densities E » Et/s, where Et ■■ uni- 
directional anode voltage and 8 » cathode-anode dis- 
tance (for plane structures). For cylindrical structures 
E « Eb/[r log €(ra/re)] (see equation 3*16), and r is the 
radial distance at which E is to be determined. « 

For a cylindrical structure, successive calculations of a 
(from equation 3-32) must be based upon E in the region 
desired. 


For high current densities, a different approach is neces- 
sary. Under complete space-charge-limited current condi- 
tions, the potential at various points between cathode and 
anode vary with distance and with current density. 

For a parallel-plane structure, the potential at any point 
X between cathode and anode is 


V 



(3-33) 


From the solution of Poisson’s equation (equation 3-2) 
dV , , 

— = 878J'^V"* (3-34) 

dx 


w’here J « amperes per square centimeter 

V = potential in volts at point x centimeters from 
cathode. 


J may be obtained from equation 3-9 and V from equa- 
tion 3-33; therefore dV/dx for parallel plane structures at 
any point between cathode and anode may be calculated. 
Once dV Idx is known (and since dV /dx = —E), equation 
3-32 may be solved. Since equation 3-32 depends only on 
E, it holds for all current densities. 

The solution for potential distribution in a cylindrical 
diode gives 

V.( £ 

\27r X 2.331 X 10"^ 

* (()8,362J')^(r^^)^ (3-35) 

where r = any distance between r = Tc and r = r® 

— a function of r/r^ (see Fig. 3-6) 

V = potential at the distance r from the cathode 
y = current density in amperes per centimeter of 
length and may be obtained by solving equation 
3-14. 



Since varies as r and r^, dV /dr from equation 3-35 is 
not readily obtainable. It is a simpler approach to obtain 
dV /dr from several solutions of equation 3-35. The dif- 
ferences obtained from the solution of equation 3-35 for 
various values of r will be dV /dr or E. Therefore equation 
3-32 may be solved for the cylindrical case. 

Similarly the values of V may be applied in the solution of 
the equations for electron velocity and distance traveled: 


where E 
e 

0 ) 


( Eet Ee sin a;^\ . 

) X 10^ 

m, m, / 

( Ee<* Ec cos ut\ - 

— + — )x 10^ 

2m, w^m, / 


dx 

H 

'Ee<* 


(3-36) 

(3-37) 


voltage gradient 
electron charge 
mass of electron 

2t/ (/ ■> frequency in cycles per second). 


Equations 3-32, 3*36, and 3-37 apply to the solution of 
electron motion under the assumed condition given in Fig. 
311. 

Tlie same basic equations, with modifications, may be 
applied to the solution of electron motion in triodes, tetrodes, 
or pentodes. 
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For low current densities the electric intensity between 
cathode and grid of a plane triode is, as an average (see 
Fig. 3-4), 

Eb 

Ec-¥ — 

E = — ^ (3-38) 

where Sa is determinable in terms of tube geometry from 
equation 3-20. Since equation 3*38 determines the slope 
of the potential-distribution line and since (cathode-to- 
grid distance) is known for a given structure, the slope of 
the potential-distribution line between grid and amxie is 
easily determinable. Assuming </>! is the angle between the 
potential-distribution line and the horizontal line (sec Fig. 
3 ‘4 (a)), then 

Ec 

Ec£ = tan</»i = — (3*39) 




Vg = tan 0i<Si 


(3-40) 


where Fg = effective potential at the grid plane 

8\ = cathode-to-grid distance in centimeters 
Ecg = electric intensity between cathode and grid. 

If <^2 i« the angle of the potential-distribution line between 
the grid anode and the horizontal, 


Ega ~ tan ^2 ““ 


Eff — tan 
S2 


(3-41) 


where S 2 = grid-to-anode distance 

= electric intensity between grid and anode. 

Thus equations 3-26, 3 -27, and 3-28 may be solved for the 
plane triode. Equations 3 -30 and 3 -37 may not be solved 
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From equations 3*36 to 3*41, the transit time requu*ed 
for an electron to travel from cathode to grid may be calcu- 
lated for space-charge-free conditions. 

The time required for an electron to travel from cathode 
to anode in a space-charge-free parallel-plane diode is 

t - 3.37 X (3-43) 

where s = separation of cathode and anode in centimeters 
Eb = voltage applied to the anode. 

Under full space charge conditions this time becomes 

^ = 5 X (3-44) 

The ratio of equation 3*44 to equation 3*43 is 1.483. 
This indicates that it takes 48 percent longer for an electron 
to travel from the cathode to a point at potential V under 
full space-charge conditions than it does under essentially 
space-charge-free conditions. Therefore for plane or cylin- 
drical structures, the transit time may be calculated under 
essentially space-charge-free conditions and converted to 
full space-charge conditions by the use of this factor. 

311 FORCE ON AN ELECTRON IN A MAGNETIC 
FIELD 

Since moving charges are an electric current, a force acts 
on an electron moving in a magnetic field. The force acting 
on a conductor of length I centimeters carrying a current of 
I amperes in a magnetic field of flux density B gauss is Bi/lO 
dynes provided the directions of I and B are perpendicular. 



field. 


t|o( 

Fia. 3* 12 Diagram representing an elect ron between grid and anode Fig. 3- 13 Direction of the force on a conductor due to a magnetic 
of a parallel plane (<ir cylindrical triode). 

directly without assuming a value of t in equation 3*36 or a 
distance x or time t in equation 3 ’28. 

The velocity of an electron after it has passed through a 
potential difference V is related to that potential by 


l2Ve 

^ nie 


10^ » 5.93 X 


(3-42) 


For any point, V may be calculated and so may v. The 
time t may then be obtained by the use of equation 3 • 36. If 
an electron enters a region A as shown by the arrow in Fig. 
3 * 12, its velocity at the point x * S is obtainable from equa- 
tion 3-41. This final velocity is independent of the velocity 
with which it entered the region. 


As shown in Fig. 3 • 13, the direction of this force F is per- 
pendicular to the plane of I and B and has the direction of 
advance of a right-hand screw placed at 0 and rotated from 
I to B. Since the conventional direction of current is the 
direction of flow of positive charge, the velocity of the elec- 
tron, Vy is shown opposite to /. 

If a conductor of length I contains N electrons, and if the 
electron requires i seconds to travel the distance I, the cur- 
rent in the conductor is 

Ne 

(3-45) 

where e is the charge on an electron in coulombs. 
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The force on the length I of conductor or also on the N 
electrons is 

BIl BNel 


lU 


10 ( 


Control of Free Electrons Chapter 3 

The second of equations 3-48 yields upon integration 

Cy =* Voy 

y = W 


(3-49) 


Since l/t is the velocity v of the electrons, the force per elec- “ ® \ o .o • i-ir l- i i ■ 

, If the first of equations 3-48 is dmei'entiated and a sub- 

t roil 18 * 

stitution is made for dv^ldt from the third equation of this 


Bev 


dynes 


(3*46) set, 


3* 12 MOTION OF AN ELECTRON IN A MAGNETIC 
FIELD 

Suppose that the magnetic field is along the -y-axis as 
shown in Fig. 3 • 14 and that an electron starts from 0 with a 
velocity vq in the XY plane. The initial velocity vo has the 
component i;o.r along the X-axis and Voy along the F-axis. 



Fy = trie 

Fg * Me 


dvy 

dt 

dvg 

Id 


0 

lo^ 


where m, is the mass of the electron in grams. 
If « « eB/10m«, equations 3*47 become 

dvx 

as — 

dt 

dVy 

-? = 0 
dt 


dt 


i/SVy 


He 


wdVf 

HT 


— W^Cx 


or 


d®Cx „ 

The general solution of eciuation 3 -50 is 
Vx *= A cos w/ + C sin lat 


(3*50) 


(3-51) 


where .4 and C are constants. Since = 0 when t = 0, 
from equation 3*48 dvx/dt = 0 when i = 0. Also Vx = Vox 
when / = 0. Hence 


A = t’ox and C — 0 


Therefore 


(3-52) 


Fio. 3*14 Motion of an electron in a magnetic field. 

Since Vy is parallel to B, the electron experiences no force 
due to this component. The force is n/xB/lO in the +Z- 
direction owing to Vx and is er^B/lO in the — X-direction 
oA\ing to Vx- 

Hence Newton's law gives 

dvx eVxB 

F, = m<. — = 

dt 10 


Vx = *^0x wf 

Equations 3*48 and 3*52 give 

Vz = Vox sin (3*53) 

If we assume for the moment that Vy = Voy - 0, then 
= i^x^ + V 2 ^ =* t>ox^ or t; v^x = constant. 

To determine the path of the electron when Vy = 0, inte- 
grate equations 3-52 and 3-53, using the initial conditions 
that X = z = 0, when t = 0. This yields 


t^Ox . 

X = — sin u)t 
0 ) 


0 = (1 ~ (jOt) 

O) 


(3-54) 


(3-47) 


Combining equations 3 • 54 gives 

sin^ (jjt + cos^ wi = 1 = ■ ' " ■ '■ + 

©■ 


-)■ 


or 




which is the equation of a circle of radius 

t>o» lOnieVox 


u 


eB 


(3-66) 


(3-48) 


with center at a: » 0, a =» ro*/«- 
The angular velocity of the electron is 


r 


eB 

lOm. 


radians per second (3*57) 
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The time for one revolution, or the period, is 


43 


which becomes 


^ 27r 20vme 

0) eB 

^ 3.57 X 10-7 

T = — second 

B 


(3-58) 


(3*59) 


The period and angular velocity arc independent of the 
speed or radius. 

If Voy 5^ 0, the path is a helix of constant pitch: 


V = v^yT = 


2TrVi 


'Oj/ 


(3-60) 


3 13 MOTION OF AN ELECTRON IN PARALLEL 
ELECTRIC AND MAGNETIC FIELDS 

If the electric and magnetic fields are parallel and if the 
initial velocity of the electron is zero or parallel to the fields, 
the magnetic field has no effect on the ele(;tron. The elec- 
tron moves in a direction parallel to the fields with a constant 
acceleration caused by the electric field. 

If the electron has an initial velocity with a component 
perpendicular to the magnetic field, the path of the electron 
is a helix, as described in Section 3*12. The helix has a pitch 
which increases with time because of the acceleration pro- 
duced by the electric field. 

3-14 MOTION OF AN ELECTRON IN PERPENDICU- 
LAR ELECTRIC AND MAGNETIC FIELDS 

The directions of the fields are as shown in Fig. 3 *15. 

4'he equations are the same as equations 3*17 ex(*ept that 
the electric field E exerts an additional force cE 10^ volts 
per centimeter in the A'-direction. The equations are 

dvj, _ evfB 

Tx = m, - ~ = CEIO^ 

dt 10 


dVy 

(h’l eVxB 

F, = nie — = — 

dt 10 


(3-61) 


These reduce to 


(tVjc 

— = a — (i)Vz 

dt 


if 


dVy 

dt 

dvz 

dt 

fB 


= 0 




and a = 


cElO^ 


If the first of equations 3 *02 is differentiated and a substi- 
tution is made from the third equation for dvz/dt^ 


- —ituVjc 


dhx dVz 

dP dt 

The general solution of this equation is 

Vx = A cos o)t 4' C sin (at 


(3*65) 


(3 • 00) 


where A and C are constants. If the initial conditions that 
= 0 and that dvx/dt = a when < = 0 are applied 
to this e(|uation, 


Therefore 


(3*62) 


A = 0 and C = - 

CO 

a 

Vx = - sin (at 

(a 



Fig. 3-15 Mutually pcrpondicular t*k*ctric and magnetic fiekls. 
The first of equations 3*62 gives 


a 1 dvx 

Vz = - 

CO CO dt 


Substitution for dVx/dt obtained by differentiating the solu- 
tion for Vx yields 


Thus 



a 

a 

Vz 

= — 

cos (at 


CO 

CO 


a 


Vx 

= — 

sin (at 


CO 


Vy 

= 0 



a 

a 

Vz 

= - 

— - cos (at 


CO 

CO 


(3*67) 


Integration of the first of equations 3*67 gives 


(3*63) 


^ = o (at + D 

co^ 


lOme Wc 

Suppose that the initial velocity of the electron is zero. 
Integration of the second of equations 3 * 62 yields 

/n ^ j \ 

Vy = VQu = 0 


Since a* = 0 when f == 0, /) = o/co^. Similarly, integration 
of the third of equations 3 • 67 yields 


at a 

z — — — -r sin (at A- E 
<0^ 


(3*64) 


(0 



44 


Control of Free Electrons 


Chapter 3 



Fiq. 3-16 Cycloidal motion of an electron in mutually perpendicular electric and magnetic fields. 


Since z = 0 when f = 0, £ = 0. Hence 



X = r(l — cos (at) 

I/ = 0 

(3-68) 

where 

z = r((at — sin (at) 

a 

" = 71 

(3-69) 


Equations 3-68 are the equations of a common cycloid, the 
path generated by a point on the circumference of a circle 
of radius r rolling along the Z-axis. This is illustrated in 
Fig. 3*16, from which 

X = r(l — cos 6) 

. , (3-70) 

z — r($ — sin $) 


which are the same as equations 3*G8 if 9 is equal to wL 
This shows that w is the angular velocity of the rolling circle. 
The velocity of the center of the rolling circle in the Z-direc- 
tion is 


V 



10®E 


(3-71) 


The equations for the path of an electron, if the initial 
velocities are not zero, may be determined in a similar man- 
ner. The only difference is in the determination of the con- 
stants of integration. The equations for the general case are 


X 

y 

z 


— sin (at + 
(a 


( a Vos\ 


(1 — coa <ai) 


VOyt 

— (1 — cos — I I sin < 

« \w « / Cl) 


(3-72) 


an angle 0 with the F-axis. The results of Section 3-14 indi- 
cate that the equations for the path of the electron with zero 
initial velocity are 

dz 

X — —X {I cos (at) 

(a^ 

y = ia/ (3*73) 

(Ixt dx 

2 = sin 

(a (a^ 

where 

cE sin ^10^ 

dx = 

(3*74) 

cE cos OlOi^ 



316 MOTION OF AN ELECTRON IN ELECTRIC AND 
MAGNETIC FIELDS MAKING AN ARBITRARY 
ANGLE WITH EACH OTHER 

This section deals with the case illustrated in Fig. 3*17. 
B lies along the — F-axis. E lies in the XF-plane and makes 


Fio. 3*17 Electric and magnetic fields making an arbitrary angle with 

each other. 

Therefore, the motion is the same as though the fields were 
per^ndicular to each other, except for the added accelera- 
tion along the F-axis. 
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3- 16 MOTION OF ELECTRONS IN A RADIAL ELEC- 
TRIC FIELD AND AN AXIAL MAGNETIC FIELD 

Consider the case shown in Fig. 3*18. Here B is directed 
out of the paper. Fo is the potential difference between 
cathode and anode, and V is the potential of some point at 
distance r from the axis. Assume that electrons leave the 
cathode with zero velocity. 



The electric field alone accelerates an electron radially 
toward the anode, and the magnetic field bends the path of 
the electron away from its radial path. 

The equations of motion arc 




me 


de 


dV _ evjfi 

-e — W ^ 

ax 10 


me 


d^y __ dV 
di^ ~ dy 


10^ + 


10 


(3-75) 


Integrating equation 3 * 77, 

meX nteV — * + — - + Cnte (3-78) 

di ai 20 20 

where C is a constant of integration. Dividing both sides of 
equation 3*78 by nte gives 


dy dx Be 

X y — == 

dt dt 20me 


(x^ + + c 


(3 ‘79) 


Substitution of 

X = r cos a, y = r sin a, and sin^ B + cos^ a = 1 (3 -80) 

? into the left side of equation 3*79 gives 


Substitution of 


dy dx dB 

X y — = — 

dt dt dt 


(3‘81) 


x^ 4* 2/^ = 

into the right side of equation 3-79 yields 


Be ^ , Ber2 

(x^^ + y^) + c = -- + c 


Therefore, 


20me 


2 aa _ Ber^ 

dt 20me 


20m« 


+ C 


(3*82) 


(3-83) 


Using the initial conditions, dS/dt = 0 when r = r^, the 
constant C can be evaluated, and 


^ ^ » Be^ Be^ 

dt 20me 20mc 


0 


or 


aa __ Be 

dt ” 20m, 
Conservation of energy gives 




(3-84) 

(3-85) 


where dV/dx and dV /dy are the x and y components of the 
electric field and and Vy are the x and y components of the 
velocity of the electron. Substituting, 


and 


dx dy 

Vx = — and Vy - -~ 
dt dt 


dV 

xdV 

dV 

y dV 


— : 

and — 


dx 

r dr 


r dr 


= cFlO^ 

also 



which with equation 3-86 gives 



2en0^ 

m. 


(3-86) 

(3-87) 


(3-88) 


Combining equations 3-88 and 3 -85 to eliminate dd/dt, 


in equations 3-75, and 



ex dV _ e dj/ 

10^ B 

r dr 10 dt 


m. 


de 


r dr 


e dx 

B 

10 dt 


(3-76) 


By multiplying the first of equations 3-76 by y and the 
second by x and subtracting the first from the second, 


d^y 


drx 




Be dx Be dy 
— X — I — y — 
10 dt 10 dt 


(3-77) 


(3.89) 

\dt/ \20me/ \ / m* 


Equation 3 -89 is a general equation describing the motion 
of an electron for any space-charge condition. 


317 CUT-OFF CHARACTERISTICS OF A CYLINDRI- 
CAL MAGNETRON 

At cut-off in a magnetron, all electrons are turned back 
toward the cathode just before they reach the anode. At 
cut-off the anode current is zero and dr/dt in equation 3*89 — 
the radial velocity — is zero for r = ra, or more exactly for 
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r slightly loss than If Sr/dt is set equal to zero for r = fa 
in equation 3*89, 

/r„B.\V. 2eV\0^ 


\20we/ \ /•«,“/ fn 

V . _ 'ly 

SWclO*’ \ ra“/ 


which defines the cut-ofT voltage V. 
Since t'c <K r,, in most cases, 


8m, 10'' 


_ 4 X 10^ ^of 


(3-90) 


(3*91) 


(3-92) 


(3-93) 


3- 18 APPLICATIONS 

The equations derive<i in the foregoing sections apply as 
well to the motion of positive and negative ions as to the 
motion of electrons. In using the equations for ions, dif- 
ferent values for mass must be used. The charge on ions is 


either positive or negative, and the magnitude of the charge 
is equal to the electronic charge or an integral multiple of it. 
Therefore, the equations can be applied to the motion of 
electrons or ions in cathode-ray tubes, mass spectrometers, 
cyclotrons, magnetrons, and other devices. 
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ELECTRICAL CONDUCTION IN GASES 

U. E. Mariithal] 


I F a quantity of gas is included in a tube with a cathode 
which can emit sufficient electrons the tube has the 
following characteristics : 

1. Amxic-cathodc voltage becomes almost independent of 
anode current, and in magnitude it is about eijual to the 
ionization potential of the gas. 

2. Cl rids are unable to modify anode-cathode current after 
conduction starts. Control consists of blocking conduction 
before starting. 

3. The electrostatic field at the cathode* is }n the proper 
direction to assist in electron emission. 

In a phototube, introduction of gas causes amplification 
of photoelectric currents; otherwise the current would be 
derived from cathode emission alone. 

In a gas-filled tube with two or more electrodes having no 
independent electron emission, applied voltages of several 
hundred can cause discharges. 

These phenomena form the basis for gas-tube engineering. 
Although the theories evolved to account for these effects 
are not in general completely satisfactory, they aid in under- 
standing the phenomena. 

41 IONIZATION 

Ionization is one of the most important physical processes 
in gas discharges. To increase the current-carrying capacity 
of an electronic tube the electron space charge must be 
neutralized. This is done by gas ions. Their positive charges 
cancel the negative charges of the electrons in the anode- 
cathode space, and a slight preponderance; of positive ions 
increases the field at the cathode and aids electron emission 
from the cathode. 

Section 1-5 describes how an atom can be ionized by being 
struck by an electron with kinetic energy greater than the 
ionizing energy of the atom. This energy usually is given in 
terms of electron volts. For example, if the gas is mercury 
vapor the required ionizing energy is 10.4 electron volts. If 
the energy of the electron is greater than this amount an 
electron can be removed from the atom. The atom then 
becomes positively charged, and the original electron and 
the displaced electron are both free of the influence of the 
atom. After the collision the number of charged current 
carriers is increased by two. The additional electron can 
carry current by moving toward the anode, and the new 


positive ion can increase this current although it moves in 
the opposite direction. 

It Ls not always necessary for the bombarding electron to 
have the full ionizing energy. Under some conditions an 
atom can be ionized by being struck by two electrons, if 
their total energy is greater than the ionizing energy of the 
atom. If the first electron excites the atom to a metastable 
state as described in Section 1*5 it remains in this state for 
a fairly long period, and the probability of its being hit again 
before it returns to its normal state is greater than if the 
initial excitation was not metastable. Excitation of an atom 
to the mctastablc state is rather rare, so, for this action which 
is known as ^‘cumulative ionization^' to become large, atom 
density and current density must be large. 

The probability of ionization caused by collision of an 
atom and an electron is a function of the kinetic energy of 
the electron. If its energy is below the ionization potential 
the probability is zero; above this value the probability 
increases with the excess electron voltage. This is discussed 
in Section 1-6. For this reason if ionization is calculated 
from statistical data, the average electron energy per ion 
may be several times higher than the usual published figure 
obtained by detailed experimentation. 

4-2 CURRENT CONDUCTION THROUGH IONIZED 
SPACE 

Figure 4 • 1 shows some of the features of electrical conduc- 
tion in a gas-filled tube. The body of the tube contains the 
plasma of the discharge. It is a region of low voltage gra- 
dient in wliich the densities of ions and electrons are nearly 
equal everywhere. Electrons move out of the cathode into 
the plasma and out of the plasma into the anode. This 
electron movement constitutes the only current-carrying 
medium at the anode. Positive ions are drawn to the cathode 
and to the walls of the tube. If the walls are insulated, an 
equal number of electrons also moves to the walls to balance 
the movement of positive ions. The movement of positive 
ions to the cathode forms a part of the current conduction at 
the cathode. The sum of positive-ion current and electron 
current at the cathode must be equal to the total current at 
the anode. 

In the external circuit current is due to electron flow. 
Electrons can be considered to flow into the anode, through 
the external circuit, and into the cathode. As electrons flow 



Electrical Conduction iu Gases 


Chapter 4 


48 


from the external circuit into the tube through the cathode, 
some of them pass into the discharge directly because of 
thermal emission from the cathode or because of arc-spot 



Fio. 4 • 1 Diagram of electrical phenomena in pool-type tubes. 


emission. The other electrons are drawn out of the cathode 
by the ions which they neutralize. This is illustrated in 
Fig, 4-2. Gas ions are neutralized at the cathode surface, 
thus becoming neutral atoms again and diffusing back into 
the body of the tube. 




POSITIVE ION APPROACHES ELECTRODE. 

ELECTRON IS DRAWN FROM ELECTRODE 
BY ATTRACTION OF POSITIVE ION, 

ELECTRON 6 REPLACED BY CIRCUIT. 

NEUTRALIZED ATOM DFFUSES AWAY. 


Fia. 4-2 Conduction to electrode by positive ions. 


be uniform throughout the volume. This would be approx- 
imately true if the current were built up slowly from small 
values. 

The relation between space potential and charge density 
is given by Poisson’s equation (assuming one-dimensional 
case): 

d^V 

— = 4ire(p, - pp) (4-1) 

where p« « electron-charge density 

Pp = ion positive-charge density 
e = electronic charge 
V = space potential 

X = distance from cathode to a point in space 
d == cathode-to-anode distance. 

Integrating this equation and setting F = 0 when x = 0, 

F X 

F = ~ + 2irc(p, - pp)(x* - dx) (4-2) 

a 

where Va equals the potential at the anode. 

This is the general equation of a parabola. If the space 
charge is exactly neutralized, then 


and the voltage distribution is linear between anode and 
cathode, as shown in Fig. 4*3 by the line marked “no space 



4-3 SPACE-CHARGE PHENOMENA 

At the right in Fig. 4 • 1 is a space-potential diagram of the 
arc-discharge space. Voltage is distributed so that the field 
at the cathode is positive and the gradient through the 
plasma is small. A slight voltage rise at the anode is shown. 
The distribution of voltage is a function of the amount of 
imbalanced charge in the space. Complete calculation of 
voltage distribution would be complex,^^ but the phenomena 
can be illustrated by a theoretical case. 

Assume that a given space contains both positive and nega- 
tive charges. The total charge at any point is assumed to 


charge.” This line is the first term of equation 4-2. Space 
charge increases the space potential above the linear value 
if it is positive, and decreases it below the linear value if it 
is negative. 

The field intensity at the cathode is 

- “7 - 2irc(p, - Pp)d (4 -4) 

\dx /»-o d 

If the space charge is positive the field intensity at the 
cathode is more positive than for a linear potential distribu- 
tion. If the space charge is negative, as in high-vacuum 
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tubes, the field intensity is more negative than for a linear 
potential distribution. If the space charge is sufficiently 
negative the field intensity at the cathode becomes negative. 

The field intensity at the anode is 

Va 

rs - . 2'nre{p^ Pp)d (4*5) 

a 

This field intensity is negative if 

(Pp - p*) > — — (4-6) 

27rea 

The parabolic curves in Fig. 4-3 show examples of all these 
variations. 

The conclusions to be drawn from the above are that in 
general a negative space charge tends to limit current con- 
duction through a tube, since the tendency is to decrease or 
reverse the field at the cathode, thus limiting electron flow 
from the cathode. A positive space charge tends to increase 
the field intensity at the cathode, thus drawing all emitted 
electrons into the discharge. For these reasons the current 
through a gas tube is limited only by the impedance of the 
external circuit. 

This analysis can be used to trace the origin of the plasma. 
At the instant conduction starts, potential distribution is 
linear. Immediately positive ions are generated, and they 
leave the space more slowly than the electrons. The space 
charge then becomes positive, and a curve of space-charge 
distribution begins to assume the characteristic upward 
curvature. Soon the condition described by equation 4*6 is 
reached and a maxim\nn appears in the potential-distribution 
curve, as shown in Fig. 4*3. l<]lectrons moving from the 
cathode to anode then must gain momentum in traveling 
from the cathode to the potential maximum to enable tliem 
to continue their travel against the opposing field. This 
theory does not take into account any loss in momentum 
because of collisions of electrons with gas atoms. Collisions 
with gas atoms cause some of the electrons to lose momentum ; 
consequently some of them are not able to move against the 
opposing field at the anode and are trapped. These trapped 
electrons neutralize some of the positive space charge and 
eliminate the potential maximum. As soon as the upward 
cuiwatures in the potential-distribution cuiwe are eliminated 
the electrons can theoretically make their way to the anode. 
Potential distribution thus becomes constant at equilibrium 
through much of the discharge space. In this region a popu- 
lation of electrons, positive ions, and atoms exists. The 
field in this region is theoretically zero; however, losses to 
the tube walls require that a slight positive gradient 
exist. 

As this phenomenon proceeds, the current in the external 
circuit increases. This current causes a voltage drop across 
the load impedance and reduces the voltage across the tube. 
The combination of establishing the plasma and increasing 
the current concentrates the tube voltage across a narrow 
region in the vicinity of the cathode and reduces the tube 
voltage to a minimum. Tube voltage reaches a lower limit 
somewhere near the ionizing potential of the gas. It must 
be large enough to accelerate the electrons and give them 
enough energy to insure a copious supply of positive ions. 


4-4 THE PLASMA 

The relatively field-free region described in Section 4*3 
is known as the plasma. In this region the densities of posi- 
tive ions and electrons are nearly equal. The atoms of gas 
are in violent motion. Their directions and speeds are com- 
pletely at random. On the average the motion of all the 
atoms is zero, so that there is no mass movement of gas. 
Electrons entering the plasma from the cathode are accel- 
erated by the cathode to plasma potential difference. They 
collide with atoms. If a collision ionizes an atom a large 
part of the energy of the electron is spent. The kinetic 
energy of the atom is not increased appreciably, because of 
the great difference in mass between the two colliding par- 
ticles. After the collision the two resulting electrons divide 
the excess kinetic energy. They now have differing speeds 
in different directions. Collisions with atoms now become 
largely elastic because the electrons in general do not have 
enough energy to cause excitation or ionization in large 
quantity. These clastic collisions will result in further in- 
creases in the randomness of the electron velocities. Thus 
the electrons in the plasma have velocities similar to those 
of a gas, for they approach a Maxwellian velocity distribu- 
tion (see Section 1-2). This distribution cannot be truly 
Maxwcillian because electrons on the average must move 
toward the anode. This component of velocity toward the 
anode is known as the “drift velocity and is superimposed 
on the random velocities. The electric forces accelerate the 
electrons to high velocities. The Maxwellian portion of their 
velocity distribution can be characterized by an equivalent 
temperature. Thus the term “electron temperature’ ' is 
often used in discussing conditions in the plasma. 

If a true equilibrium existed between electrons, ions, and 
atoms all three would eventually reach the same tempera- 
ture. The interchange of energy between electrons, ions, 
and atoms is so small, however, that a long time would be 
required to establish equilibrium. During this time the ions 
and atoms would make many collisions with the tube en- 
velope, and would transfer a portion of their energy to the 
tube walls. The energy gained by the ions and atoms from 
the electrons is lost therefore, and temperature equilibrium 
is never attained. The ions, being charged, gain some 
energy from the electric field. They are considered to have 
higher energy than the atoms, but are not usually considered 
to have Maxwellian distribution of velocities and therefore 
do not have true equivalent temperatures. 

The motion of electrons constitutes a current, but because 
their average velocity is zero, the current is actually zero. 
The motion of electrons can be broken into positive and nega- 
tive components and a current associated with each com- 
ponent. The relationship between electron temperature and 
electron current component is given by * 



where J« = random electron current density 
k = Boltzmann constant 
pe = electron-charge density 
Te = absolute electron temperature 
m« = electron mass. 
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The electron current is large in comparison with the ion 
current. Although the ion energy cannot be characterized 
by a temperature, experimental evidence indicates that an 
equivalent temperature would be about half the electron 
temperature. The ratio of electrons and positive-ion curient 
densities in the plasma then depends upon the ratio of the 
square root of their respective masses. For mercury this 
is (>05. 

If an insulateil object is placed in the plasma it is bom- 
bardcnl by both electrons and ions. The transport of charge 
to the object causes it to be charged by the electron current 
and discharged by the pasitive-ion current. Since the elec- 
tron current is greater, the object becomes charged nega- 
tively. Its potential becomes negative with respect to the 
space-potential level of the immediate surroundings, so 
approaching electrons of lower velocities are turned back 
until equal ion and electron currents strike the object. If 
the objec^t is not insulated the difference in the two currents 
must be equal to the current drawn off by the object, and its 
potential adjusts itself accordingly. 

4-6 VOLT-AMPERE CHARACTERISTIC OF ELEC- 
TRODES IN A PLASMA 

If a small flat electrode is placed in the region of the plasma 
of a gas-discharge tube, and is provided with guard rings so 
that spacing and arrangement of the element do not affect 
the results, a volt-ampere characteristic such as that shown 
in Fig. 4*4 can be obtained. This is of value in studying the 
discharge and is characteristic of this phenomenon.* 



Fio. 4-4 Volt-ampere characteristics of a flat electrode in a plasma. 

Figure 4-4 shows the circuit employed and the volt- 
ampere characteristic obtained by varying elective poten- 
tial with respect to one of the main discharge electrodes, in 
this case the anode. Starting at the region of high negative- 


electrode potential, a small current nearly independent of 
electrode potential is drawn from the electrode. Current at 
this point is due to positive ions. Electrons are repelled 
from the electrode by the negative potential. Ion current 
to the electrode is not balanced by electrons, and a space 



Fig. 4*5 Space-putential distribution in a gas-filU;(l tube with gri<L 


charge results. This space charge limits the distance into 
the plasma over which electnxle potential is effective in 
accelerating ions to the electrode. The limit of the eleo 
trode’s influence therefore can be considered as forming a 
“sheath^^ around the electrode. The positive-ion current 
is thus limited by the number of ions that strike this sheath. 
A change in electrode potential does not cause* an increase of 
positive-ion current unless the outward movement of the 
sheath increases its area or in some way increases its current- 
collecting effectiveness. 

As electrode potential is made more positive the sheath 
decreases in thickness and begins to collect electrons. (Cur- 
rent is small at first because only high-velocity electrons 
can force their way against the opposing field. As electrode 
potential is made still more positive, large numbei-s of elec- 
trons of lower velocity are (collected. When the electrode 
potential is equal to the space potential all electrons moving 
in the direction of the electrode strike it and are collected. 
A more positive electrode now cannot collect more electrons 
until its potential is equal to the anode potential. Up to this 
point a negative sheath surrounds the electrode, like the 
positive sheath mentioned before. When electrode poten- 
tial becomes equal to the anode potential, the electrons 
moving through the sheath have enough energy to ionize 
the gas and break down the sheath. The electrode then 
draws current without limit and takes over the function of 
an anode. 

This helps to explain the inability of a grid in a gas-filled 
tube to control magnitude of the cathode-anode current 
once the discharge has started. Figure 4-5 represents the 
potential distribution in a tube containing a grid. Before 
the gas is ionized the negative grid potential lowers the 
potential distribution and causes a negative field at the 
cathode which prevents electrons from leaving it. After the 
discharge has started the negative grid attracts positive ions 
whose space charge neutralizes the negative grid potential. 
Grid potential then has no effect at the cathode and cannot 
influence the current through the tube. 
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4-6 ELECTRON EMISSION AS GENERATED OR IN- 
CREASED BY POSITIVE-ION FIELDS 

Increase of the field at the cathode by positive space 
charge is important in the theoretical explanation of elec- 
tron emission from the cathode.^* ® It is the only theory 
that gives a detailed and satisfying explanation of the action 
of the mercury-arc pool cathode. Unfortunately, quanti- 
tative applications of known theories do not fully support 
this view.’ 

As described in Section 2-1, electrons are normally held 
within the boundaries of metals by means of an elecitrostatic 
force of attraction to the atoms of the metal. The work 
necassary to overcome this force Ls known as the ‘‘work 
function,'’ and for most metals it is between 4 and 5 electron 
volts. If a stronger field run be supplied externally to the 
metal so that the forces tcmding to hold the electron in the 
metal can be overcome by the external field, then the elec- 
trons can be removed fn.)m the metal by the action of this 
external field. If the field is relatively weak, only tho,se 
electrons approaching the metal boundary with the highe.st 
velocities escape. As the strength of the field is increa.sed 
the slower electrons alscj can escape; therefore the number 
of electrons emitted is a function of fi«‘l(l strength. In the 
mercury arc the voltage dilTereiu^e from cathode to plasma 
is effective only in a thin space-charge sheath of positive ions, 
and fields of large magnitude (*an be computed from their 
effect at the cathode. 

Since pla.sma potential i.s high with re.spect to cathode 
potential, the electrons gain their ionizing energy after 
traveling the distance between cathode and plasma. Many 
ions are generated then at tlie beginning of the pla.sma, and 
many of them are attracted to the cathode. Movement of 
ions into the cathode (U)mparcs with the movement of elec- 
trons away from the cathode. Electrons are light and move 
at high velocity; their density in this space is low in com- 
parison with that of ions. The relation ^ between ion-current 
density, cathode-plasma potential difference, and cathode- 
plasma distance is given by the space-charge formula used in 
vacuum-tube theory corrected for the larger mass of the ions: 

J,. 2.331 X (10)- ^^’(0’ (4-8) 

where 

m<, = mass of electron 
Mp = mass of positive ion 
d = cathode-to-plasma distance in centimeters 
Vcp = cathode-to-plasma potential difference 
Jj, = positive-ion current density. 

The field at the cathode is given by 

Ec = 5.7m^M'^Ve/*Jp^ (4-9) 

where M ~ ion molecular weight. 

To use these formulas qualitatively to explain phenomena 
at the cathode, the ratio Jp/Je of positive-ion current density 
to the electron-current density at the cathode must be 
estimated. 

An estimate of this quantity can be made as follows: 
From experiments the cathode-plasma potential difference 
of a mercury arc is known to be somewhat less than the 


ionizing potential of mercury. The ionizing potential is 
10.4 volts, and the cathode fall of potential is from 9.9 to 
10 volts. The work-function energy of about 4.6 volts is 
supplied by the cathode field. The energy remaining, about 
5.5 volts, is available for acceleration of electrons. This is 
sufficient for two-slage cumulative ionization but not for 
single-impact ionization. 

If each two electrons emitted from the cathode produce 
one ion, and on the average every other new ion falls back 
into the cathode-fall region, the other ion with its electrons 
going forward into the plasma, then for each four electrons 
starting from the cathode one ion returns. The returning 
ion adds one unit of current to the four electron units, thus 
one fifth of the cathode current is ion current. 

For mercury, at a cathode fall of 10 volts and Jp/Je == 0.2, 
the field at the cathode surface is 

/!?. = 1G,900J « (4 10) 

where Jc = current density at the cathode. 

The accepted experimental value for current density in 
the cathode spot is 4000 amperes per .s(]uare centimeter. 
Using this value the field intensity at the cathode is esti- 
mated at 1,070,000 volts per centimeter. 

This intensity usually is large enough to produce measur- 
able emission. The only fields of practical importance are 
those large enough to produce electron currents e(iual to 
eight tenths of the total cathode current, or 3200 amperes 
per square centimeter. The Fowler-Nordheirn formula,* 
based on wave mechanics, gives about the highest values for 
field-emission currents as a function of voltage. Computed 
by this formula, a field of about 42 million volts per centi- 
meter is necessary to furnish the required electron-emission 
current. 

This is a large discrepancy, and it sugge,sts a re-examina- 
tion of the assumptions made in the computations. The 
field as computated by the space-charge formula gives an 
average value because it assumes a uniform charge density, 
whereas the charges on ions arc discontinuous. The surface 
of the mercury is assumed to be smooth, but it may be rough. 

The Fowler-Nordheirn formula assumes pure mercury. 
But experiments on field emission always show that im- 
purities reduce the field required for emission. It might 
seem that the estimate of ion current at two tenths of the 
total tube current is too low. This formula gives a rapid 
variation of field current with field intensity, and at 30 mil- 
lion volts per centimeter the field-current yield would be only 
10 amperes per centimeter. There docs not seem to be any 
possibility of reducing the field intensity below this value. 
If a ratio of actual field to average field of 10 were assumed 
and all the cathode current were assumed to be ion current, 
a current density of 6000 amperes per square centimeter 
would be required at the cathode, according to this formula. 
Assuming that positive-ion current is equal to two tenths of 
the total current, the equation can balance only if the 10-to-l 
field increase is taken and a cathode current of 96,000 amperes 
per square centimeter is assumed. 

Even though field theory will not stand the test of quanti- 
tative analysis, it does offer a working hypothesis and is the 
only theory that gives a detailed analysis of the action of the 
mercury-pool cathode. 
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Conditions at the cathodes of thermionic tubes are differ- 
ent from those in pool tubes, because the field at the cathode 
is not responsible for the entire cathode emission.* The 
cathode emits electrons by thermal emission, and therefore 
cathode current is distributed uniformly over the cathode 
area. The action of the field at the cathode is similar but 
the intensity is smaller. The positive field at the cathode 
reduces the cathode work function, and the maximum emis- 
sion is increased. 

Schottky\s equation gives the ratio of increase of elec- 
tron emission at the cathode caused by the action of the 
electrostatic field at the cathode surface. This ratio is 


h 

u 




(4 11) 


where E<. = electric-field intensity at the cathode 

Je = electric-emission density with help of field 
u = thermal electron-emission density 
T = absolute cathode temperature. 


Assuming again that the cathode fail of potential is 10 volts 
and the ratio of positive-ion current to electron current at 


CATHODE ANODE 



Fig. 4-6 Space-potential distribution diagram at the cathode of a 
gas-filled tube as a function of the ratio of cathode emission current to 

tube current. 


the cathode is 0.2 for mercury vapor, a relation between the 
field at the cathode and the cathode current density is given 
by equation 4*10. Substituting from this equation into 
equation 4-11, 

^ ^570{(J.)K/n 

Jth 


Assuming for a coated cathode that T 


Kelvin, if J* = 1, 

^=1.68 


Jm 

if Jc = 10, 

— = 2.52 

U 


1100 degrees 
(4-13) 

(4.14) 


This derivation is given mainly to illustrate the physical 
theories involved, but the values in equations 4 • 13 and 4 « 14 
seem to be of about the right order. 

If electron emission from the cathode is greater than the 
circuit current, an electron space charge forms close to the 
cathode. This electron charge reduces the field intensity at 
the cathode and may actually reverse it. Thus fcrr low cir- 
cuit currents the electrons emitted by the cathode and 
entering the plasma are regulated by the electron space 
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charge in front of the cathode. If circuit current is higher 
than the electron-emission current, this space charge van- 
ishes and electron emission is increased by the positive field 
caused by the ions. Figure 4*6 illustrates the effect. If 
the circuit demand is too great the cathode current may 
concentrate to assist the field emission and cause the forma- 
tion of an arc spot on the cathode. This is sometimes called 
‘‘sparking.'' 

4*7 PHENOMENA AT THE ANODE 

The anode collects the electron current. Electrons strike 
the anode at the velocity imparted to them by the combina- 
tion of potential difference in the anode-cathode space and 
the collisions with molecules in that space. This energy 
may amount to about 1 electron volt. 

When an electron leaves the cathode it loses energy be- 
cause of the image attraction of the emitting surface. The 
energy loss measured in electron volts is known as the “work 
function." It is about 5 electron volts. As an electron 
strikes the anode the reverse action takes place and the elec- 
tron gains energy. This kinetic energy is released as the 
electron strikes the anode and appears as heat. The two 
effects are additive, so the energy lost at the anode is about 
6 watts per ampere. Since the anode is in a vacuum the 
major dissipation of energy is by radiation. The radiation 
law is approximately 

Watts per square centimeter = 5.7(10) (4*15) 

where T « anode temperature in degrees Kelvin. 

iVnode temperature should not exceed about 1000 degrees 
Kelvin. Therefore, the anode area required is about 

6 

5 . 7 ( 10)“^2 ( iq 3)4 

=s 1 square centimeter per ampere (4*16) 

This figure is approximate, for it assumes black-body radia- 
tion and approximate values for loss factors. 

The best material for anodes is graphite. It has high 
emlssivity, it is refractory, and it is not injured by high 
temperature. Carbonized metal anodes are nearly as good 
and are often used in smaller tubes. 

Arc-Back 

Voltage rating is one of the least understood factors in 
tube design. Since losses in gas tubes are a function of the 
current, the power rating is limited by circuit voltage. It 
might seem feasible to design gas-tube circuits for high 
voltages, thereby increasing the power range of the tubes, 
but technical considerations limit circuit voltages. Tech- 
nically the voltage rating is limited because of the tendency 
of the tube to “arc back." This arc-back is a mysterious 
phenomenon. It is a spontaneous reversal of conduction in 
a tube. An arc spot appears on the anode, electrons are 
emitted from it, and reverse conduction follows. These are 
some of the causes of arc-back in pool and hot-cathode tubes: 

1. Flakes of emission coating on the anode. 

2. Flakes of insulating coating on the anode. 
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3. Improperly shielded junctions of dissimilar materials 
in the anode structure. 

4. Impurities in the anode material. 

6. Overheating of the tube. 

6. Too rapid application of reverse voltage after con- 
duction. 

7. Poor design, causing localized fields. 

8. Mercury on anodes. 

9. High-velocity material from the cathode arc spot 
striking the anode. 

Some features of design appear to minimize the tendency 
to arc back. None of these is fully successful. Smooth 
shaping of the anode, baffles interposed between anode and 
cathode to decrease deionization time or to reduce the trans- 
port of emissive coating, or mercury drops, and making 
field distribution uniform are some examples. 

Arc-back follows no simple law. By careful attention to 
the design factors mentioned, the frequency of arc-back 
can be reduced but apparently cannot be eliminated. In 
designing circuits containing gas tubes some compensation 
for arc-back must be made by proper choice of circuit con- 
stants affecting the available arc-back current and by pro- 
tective devices to protect apparatus and tubes. 


from the tube wall to re-establish gas-pressure equilibrium. 
The deionizing process therefore requires enough time for 
the ions to move out of the anode-cathode space to 
the side walls. The time required can be computed by em- 
pirical formulas,^ but little is known of the physics of the 
phenomenon. 

4-9 AMPLIFICATION OP SMALL ELECTRON CUR- 
RENTS IN GASES 

In many tubes the magnitude of the currents involved is 
too small to make space charge significant.^®' Assume that 
a weak current of electrons is emitted by a cathode, say 
by photoelectric emission, and is conducted to an anode 
through a gas at a pressure high enough so that the anode- 
cathode distance includes many mean free paths. Assume 
also that the voltage supplied to the tube is relatively high 
so that the electrons can ionize the gas. 

Electron current is increased throughout the tube, and 
therefore the electron current emitted from the cathode is 
amplified. The ratio of anode electron current lea to cathode 
electron current lec is 



4-8 DEIONIZATION 


At the end of a conducting period, as anode current be- 
comes zero, some of the ions remain in the ancKle-cathode 
space. In a thyratron these ions may cause the grid to be 
shielded by a positive-ion space charge for a time after con- 
duction ends. If during this time anode voltage is reapplied, 
the thyratron may conduct even though the grid is at nega- 
tive potential. In a rectifier this residual ionization may 
cause an increase in the frequency of arc-back. 
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POSITIVE ION APPROACHES WALL 


ELECTRON NEUTRALIZES ION 
WHICH DIFFUSES AWAY. 


LOSS OF ELECTRON LEAVES 
WALL POSITIVELY CHARGED. 

ELECTRON IS DRAWN FROM SPACE 
BY POSITIVE CHARGED WALL. 

ELECTRON STRIKES WALL 
NEUTRALIZING ITS CHARGE. 


Fia. 4 • 7 Deionization process on walls of tulxi or on objecLs in ionized 

spacre. 








Ions remaining at the end of the conducting period are in 
motion, and they find their way out of the space by dif- 
fusion through the gas. Experimentation indicates that ions 
and electrons in the space rarely recombine. The process 
probably is as follows: As shown in Fig. 4*7, the ions diffuse 
to some solid such as the tube walls. As an ion approaches 
the object, the electrostatic force between the object and 
the ion causes an electron to leave the wall and combine with 
the ion. This leaves the wall positively charged, and el^- 
trons are thereby attracted to the wall and restore it to its 
original potential. The neutralized ion or atom moves away 


where a = the number of ionizing collisions per electron per 
centimeter in the direction of the field 
d = the anode-cathode spacing in centimeters. 

From the constant a the required average electron voltage 
per ionizing collision can be computed. The value so ob- 
tained is always higher than the ionizing potential of the 
atom, as explained in Section 4*1. 


4.10 SELF-MAINTAINING DISCHARGE 
(BREAKDOWN) 

Each electron leaving the cathode results in an amplified 
number reaching the anode. The additional electrons result 
from ionization of atoms, and an equal number of ions are 
formed which flow to the cathode. 

The positive-ion current ipe at the cathode is 

/pc = - 1) (4-18) 


In this type of discharge the cathode current is virtually all 
positive-ion current and the anode current is all electrons. 
Returning positive ions strike the cathode and are assumed 
to liberate additional electrons from the cathode by second- 
ary emission. The number of electrons produced per posi- 
tive ion is denoted by 7. 

Current at the anode is 


Jea — 


T 

* ec^ 


1 - 7(e“^ - 1) 


(4.19) 


The second term in the denominator is equal to the number 
of electrons produced by secondary emission at the cathode 
by the ions originally produced by one cathode electron. If 
this term becomes equal to 1, so that each electron leaving 
the cathode is replaced by another at the cathode, then the 
denominator is equal to zero, and the current increases 
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theoi-etically to an infinite value. Actually it is limited by 
space charge or circuit constants before it can increase to 
any great value. The discharge is self-maintaining; that is, 
the discharge continues after the source of electron emission 
at the cathode is removed. The form of the discharge de- 
pends largely on external circuit constants. It is not neces- 
sary for electron emission to be supplied from the cathode. 
If sufficient voltage is applied to the tul>e this critical condi- 
tion is maintained and the emission of but one electron from 
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Fio. 4-8 Breakdown curve for air (dotted points calculated). 


Ei is not the true ionizing potential of a single atom; it is an 
average which includes the efficiency of ionization. 

If the denominator of equation 4* 19 becomes zero the dis- 
charge becomes self-maintaining. Under these conditions 

= 1 +1 (4.21) 

7 


If y is assumed to be independent of pressure and field, and 
if the value for a at the breakdown voltage E, (from equa- 
tion 4*20) is substituted in equation 4*21, an expression for 
Et can be obtained: 


E 




log. 




or 


E. = 


where A - l/l/p 

p = pressure. 
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(4-22) 


The sparking potential therefore depends on the product of 
pressure and distance. This is known as the Paschen law. 
The cuiTc has a minimum at 

(pd)R „..a = 2.718LP log. (l + (4 • 23) 

and is asymptotic to the vertical line 

{pd)E , « = Lj> log. (l + (4 -24) 

The minimum breakdown voltage is 

K. „i„ = 2.718^.- log. (l + ^) (4 • 25) 


the cathode is enough to start the discharge. This single 
electron can be obtained by cosmic-ray bombardment, 
radioactivity, or other natural causes. 

The theory can be carried on to derive the form of the 
breakdown voltagc-pressure-distance curve. The constant 
a is a function of the anode-cathode voltage, spacing, pres- 
sure, and ionization potential of the gas. On the assumption 
that every electron gaining any energy greater than Ei elec- 
tron volts produces 1 positive ion, the following expression 
applies for the constant a: 


£ Bid/ EL 

L 


where Ei = the effective ionizing potential 
L = mean free path of electrons 
d » anode-cathode spacing 
E « anode-cathode voltage. 


(4*20) 


Equation 4*22 can be simplified by substituting equations 
4*23 and 4*25, 


E% min 


pd 


{vd)K, , 


1 + lQg« 


pd 


ivd)E, , 


(4*26) 


With a knowledge of the minimum breakdown voltage 
and the corresponding pd value, the theoretical E-pd curve 
can be laid out. This curve for air is shown in Fig. 4*8. 
It is adju.stcd to pass through the points pd = 5, E^ — 360. 
The curve rises more rapidly on both sides of the minimum 
than the experimental data given for air indicate it should. 
This is not surprising, because the computations are only 
appi-oximate. 

The shape of the curve with its high- and low-pressure 
regions is important in gas-tube engineering. To maintain 
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high dielectric strength at low pressure it is necessary that current increases until the cathode is covered. During this 


the pressure be well below the minimum-pressure point. 
Dielectric strength is smaller for long distances than short 
distances. In the design of high-voltage tubes this must be 
considered, and long discharge paths must be avoided. 

On the high-pressure side of the minimum the dielectric 
strength increases with path length. 

4.11 GLOW DISCHARGE (COLD-CATHODE DIS- 
CHARGE) 

The theory of breakdown shows that the lowest breakdown 
voltage of a discharge tube is obtained for a certain product 
of pressure and distance between electrodes. Assume now 
that at breakdown the circuit resistance is low enough to 
permit a large current and that pd is above the point at 
which breakdown voltage is minimum. 

Under these conditions space charges form, and they tend 
to increase the voltage gradient at the cathode. A plasma 
forms and in effect decreases the distance between cathode 
and anode. As this distance decreases, the voltage drop in 
this region also decreases until it reaches a minimum. The 
final regional voltage drop is called tlie ^‘catliode fair' of 
potential. It is a constant determined by the gas used and 
the material of the catluKle. Sincje cathode fall is constant 
and cathode-fall space is fixed by pressure, a spac^^■charge 
region is set up at a certain voltage and distance. Siu^h a 
<*ondition can be maintained only if the (uirrent density has 
a definite value. The cathode region decreases in area until 
such a current density is reached. Under such conditions, 
cathode fall is independent of current. If the current through 
the tube is increased by changing the ext(»rnal circuit, the 
area of the discdiargc at the cathode increases. However, 
when the entire area of the cathode is covered, cathode fall 
is no longer constant but increases. Minimum cathode fall 
is about equal to minimum breakdown voltage. There is 
some difference because of distortion of the fields in the 
cathode-fall space by space charge. 

For pressure higher than that required for minimum volt- 
age breakdown the volt-ampere curv^e can be traced as fol- 
lows; see Fig. 4-9 (a). At slightly above zero current the 
voltage is equal to the sparking potential. As the current 
is further increased the voltage falls until a complete plasma 
is built up. Cathode fall then becomes constant and tube 
voltage increases only slightly from plasma losses. When 
the cathode is completely coveretl, voltage rises with current. 
Behavior of such a tube is influenced greatly by the external 
circuit. If the circuit consists of a source of unidirectional 
voltage and a series resistor, the current characteristic can 
be drawn on the same diagram. Unless the resistance is very 
large when the source voltage is increased, the current 
changes suddenly immediately after breakdown. Tube 
voltage then falls. 

If, conversely, the pressure is less than that required for 
minimum voltage breakdown, there is no possibility of reduc- 
tion in cathode voltage drop because of a decrease of cathode- 
fall space. As current is increased and a plasma forms, the 
•cathode-fall space necessarily is shorter and the cathode-fall 
voltage rises. The current, as before, does not cover the 
"CJathode at low currents. Cathode coverage increases as 


interval voltage rises with current. When the cathode is 
entirely covered the rate of rise of voltage with current in- 
creases. The volt-ampere curve to be expected Is shown in 
Fig. 4-9 (6). Regardless of the size of the series resistance 
there is no sudden increase in current at breakdown. 

During such a discharge patterns of light are seen in the 
tube and various dark spaces can be observed around the 
cathode. These are spaces in which the electrons have 
cither too high or too low velocity for efficient ionization. 
The boundary of the cathode-fall space usually is visible 



Fiq. 4-9 Glow-discharge volt-ampere characteristic diagram. 


because the plasma beyond has a uniform glow. Often stria- 
tions (alternate transverse bands of light) appear. These 
are thought to result from alternate gain and loss of ionizing 
potential as the electrons speed up in the field and lose energy 
on ionization. 

Breakdown voltage is a function of the effective ionization 
potential of the gas and secondary-emission efficiency of the 
cathode material. At high current, electron-emission cur- 
rent is increased by the heating effect of the ion bombard- 
ment, if the cathode has an emissive coating. 

The condition for maintenance of a cold-cathode discharge 
has been described, but little has been said about how it is 
started. If the conditions are right for breakdown any dis- 
turbance in the gas, such as the emission of a photoelectron, 
is sufficient to start the discharge. A small quantity of a 
radium compound is often injected into the vacuum envelope 
to stabilize the value of the breakdown voltage. The radium 
causes the emission of enough electrons to start the discharge, 
if the voltage is above the breakdown value. 

4- 12 CONTROL OF GAS DISCHARGE BY ELECTRO- 
STATIC FIELDS 

If a grid is placed between an electron source and an anode, 
a potential on the grid can be of such value and polarity as 
to cancel or reverse the field from the anode, and thereby 
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prevent electrons emitted from the cathode from leaving its 
surface. As the potential of the grid is made more positive 
the retarding field at the cathode is decreased, and electrons 
move from the cathode to the anode. These electrons ionize 
the gas. Ions arc attracted to the negative grid, which at 
the same time repels the electrons. Ion current to the grid 
causes a positive space charge to form around the grid. The 
width of this space charge is limited, and it decreases as 
the positive-ion grid current increases. This positive space 
charge neutralizes the influence of the grid potential at dis- 
tances greater than the width of the space charge. Upon 
further positive change in grid potential (and as soon as a 
sufficient portion of the anode-cathode space becomes grid- 
field-free), anode current and ionization increase rapidly. 
The grid potential becomes completely neutralized, and 
complete ionization or breakdown results. When conduc- 
tion is not w anted the grid of such a tube must be held nega- 
tive with respect to the cathode. 

If the cathode is fully shielded from the anode by the grid 
structure then the field at the cathode is Ux) small to cause 
enough electrons to flow’^ to ionize the gas. The grid then 
must be made positive so that it increases electron current 
to generate more positive ions, wliich in turn neutralize the 
shielding effect of the grid. With such an arrangement the 
deionization rate is large and a large grid current is required 
before breakdown starts. The amount of ionization neces- 
sary to insure breakdown is not always constant, so such a 
tube is likely to be erratic. 

4 - 13 CONTROL OP GAS DISCHARGE BY IGNITION 

The theory of operation of an ignitor closely parallels the 
theory of the mercury-pool cathode, discussed in Section 4*6. 
Some computations indicate that the passage of current 
down the ignitor (Fig. 4-10), concentrating at the mercury 
edge, can result in fields of about 10 • volts per centimeter 
over atomic dimensions at the ignitor-mercury junction. 
This is comparable with the fields at the cathode originating 
from positive-ion space charge. It seems reasonable that 
the same phenomenon that maintains the arc with fields of 



CQUIPOTCNTIAL AND CURRENT PROPORTIONS OP 
FLOW LMCS IN IGNITOR COMMERCIAL IGNITOR 

Fio. 4- 10 Ignitor potential distribution and commercial form. 

10 • volts per centimeter in the one case would operate also 
in the second. Therefore, it can be assumed that the ignitor 
operates because of field emission near the mercury-ignitor 
junction. 

Local heating by current through the ignitor probably 
causes a vapor pressure near the ignitor that is higher than 
the average pressure in the tube. Electrons are Accelerated 
through the vapor by the voltage on the ignitor. After 
ionization the positive-ion space-charge field causes further 
emission of electrons at the cathode surface. The upper 


region of the ignitor acts as a collector for the first few elec- 
trons until the arc is transferred to the anode. 

Oscillograms of ignitor firing voltage over a large number 
of cycles show that it has a variety of values, most of them 
between 50 and 150 percent of the most probable value.^* 
Firing voltage varies, even under test conditions, with rate 
of rise of ignitor voltage, tube temperature, anode current, 
and other factors held constant as possible. That the surface 
of the mercury is in constant movement is undoubtedly of 
some importance in accounting for the variations. The 
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Fig. 411 Typical ignitor voltage wave forms aa function of type of 
ignitron loading with anode firing. 

meniscus at the ignitor-mercury junction makes an acute 
angle with the w^alls of the ignitor. The strong field and in- 
creased vapor pressure should be in this region. The move- 
ment of the mercury may cause fluctuations in this angle 
with consequent variations in field strength. In general, 
however, the variation seems to be characteristic of this type 
of phenomenon, as for example in arc-back.^® 

The duration of voltage for ignition is a function of the 
voltage itself. High voltages require less time. With ex- 
tremely high voltage, ignitor operation in about 1 micro- 
second has been observed. At voltages of about 200, the 
time may be 100 microseconds. The resistance of the com- 
monly used material decreases rapidly with temperature. 

Volt-ampere curves of the dynamic ignitor characteristics 
are nearly straight lines over one cycle at a frequency of 
60 cycles. The initial cycles show the highest resistance, 
which falls until equilibrium is reached. On intermittent 
duty the ignitor therefore may have a higher dynamic resist- 
ance than at 100 percent duty. 

Certain types of circuits (Fig. 4*11) may cause current to 
pass through the ignitor for an appreciable time before cur- 
rent becomes high enough for firing. Under these circum- 
stances resistive-energy loss heats the ignitor and reduces its 
resistance. 

No fundamental properties of the ignitor serve as a meas- 
ure of its quality. Current practice is to use a fixed standard 
testing circuit and base quality on comparative data. One 
such standard circuit consists of a half-wave rectifier with a 
resistive load and a 60-cycle circuit to pass current through 
the ignitron. The anode is connected to the ignitor through 
a phanotron. A peak voltmeter is used to measure maxi- 
mum firing voltage and current at the ignitor with an alter- 
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nating anode voltage of constant magnitude. These values 
must not be exceeded in more than a few cycles in a fixed 
time. If such a test is continuous, peak voltage and peak 
current indicate the quality of the ignitor. The firing volt- 
age may be two or three times higher and the current two or 
three times lower if the tube is operated at low duty and 
with rapid application of voltage to the ignitor. This corre- 
sponds to firing the ignitor late in the a-c cycle on anode- 
firing applications. 

4-14 CONTROL OF GAS DISCHARGE BY MAGNETIC 
FIELDS (PERMATRON) 

A tube can be made similar to the thyratron, except that 
its control is magnetic rather than electrostatic.*® In general, 
this tube has an anode and cathode similar to the usual 
thyratron elements, and an electron collector similar in 
appearance to the grid of a thyratron. As many parts as 
possible are non-magnetic. 

A magnetic field transverse to the direction of electron 
flow from cathode to anode controls conduction. Such a 
combination of electrostatic and magnetic; fields causes the 
electrons to move in cycloidal paths. If the magnetic field 
is great enough the electrons never advance far enough in 
the direction of the anode-cathode field to gain sufficient 
energy to ionize the gas. They finally strike the collector, 
which is connected to the cathode. If the magnetic field is 
weaker the electrons advance farther and are able to ionize 
the gas, and conduction starts. As in the thyratron, anode 
current must fall to zero before control can be regained. 
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VACUUM TUBES 

H. J. Dailey, J. H. Findlay, and E. C. OkresB 


W HEN the functions of each element of an elec- 
tronic tube are well known, with the limitations 
of application, the tube may be used to obtain the 
best results. 

In general, pliotrons are considered high-vacuum devices 
containing an electron source (cathode), control members 
(grid or grids), and a collector of electrons (anode or plate). 

Cathodes in common use are, in their order of ability to 
withstand ion bombardment and high-voltage operation, 
(1) pure tungsten, (2) thoriated tungsten, (3) oxide-coated. 
Their emission efficiencies are in the reverse order. 

Tube grids have definite limits of operation depending 
mainly upon the class of service, the anode voltage used, 
and the level of power operation. 

Tube anodes have one primary function, that of collecting 
electrons passed through the various grids. The secondary 
function of the anode is that of dissipating the energy re- 
leased at the anode surface by electrons impinging thereon. 
The tube rating sheets always contain the maximum voltage 
conditions, beyond which damage may often result. 

This chapter will deal with the functions of the various 
tube elements and their relation to tube design, perform- 
ance, and application. 

61 VACUUM-TUBE CONSTRUCTION 
Thermionic Emitters 

Emission from all primary emitters is approximately the 
same per unit area at their normal operating temperatures, 
but emission efficiency of cathodes varies widely. Safe 
anode voltage varies with the type of emitter and, to a 
limited degree, with the conditions of operation. 

Pure-Tungsten Emitters 

Efficiency of pure-tungsten emitters varies between 4 and 
10 milliamperes of emission per watt of energy expended in 
the filament. Permissible efficiency is dependent upon the 
diameter of the wire and the designed life. At a given tem- 
perature the evaporation rate of pure tungsten is constant 
per unit of area and is independent of wire diameter. Life 
of a pure-timgsten filament increases directly as the diameter 
is increased when the temperature is held constont. For a 
given life, filament temperature may be increased as the 
diameter is increased, and thus emission efficiency can be 
increased. 


Emission is influenced little by ion bombardment; there- 
fore tungsten filaments are used as electron sources in most 
high-voltage high-vacuum tubes. 

Most pure-tungsten-filament tubes operate with high 
anode voltages, usually between 4000 and 20,000. Residual 
gas molecules are ionized by electron collisions, and the ions 
are accelerated at high velocities toward the cathode. Veloc- 
ity at the cathode is 



where E = average volts per centimeter between the point 
of ionization and the cathode 
V = velocity in centimeters per second 
€ — electron charge in coulombs 
trie = electron mass in grams 
nig = ion mass in grams. 

The designed life of tubes with pure-tungsten filaments 
for industrial service should be determined by the cost of 
power to excite the filament during its expected life and the 
cost per kilowatt-hour of a replacement tube. Let 

p = filament power in kilowatts 
n = hours of designed life of filament 
a = cost of a new tube 

w = cost of filament power in cents per kilowatthour 
Then 

a + pnw = total tube operating cost during its life exclusive 
of anode power 

When 

a = pnw 

the most economical combination is obtained. If the diame- 
ter of the filament wire and the current used to excite it are 
known, the temperature and predictable life are determinable. 

Diameter of a tungsten filament (in mils) is related to the 
current required to heat it to a given temperature in degrees 
Kelvin by 

d = A^B' (5-2) 

where d — diameter in mils 

A — filament current in amperes 
B' = a factor that varies with temperature (see Fig. 
51). 
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If wire diameter and the current required to heat the 
filament to its operating temperature are known, equation 
5 • 2 can be solved for and the temperature can be deter- 
mined from Fig. 5*1. 

Once the operating temperature has been determined, 
electron emission, predictable life, variation of emission with 
life, and variation of filament current with life are deter- 
minable. 

In Fig. 5*2 the intersection of the temperature and fila- 
ment-diameter lines gives the emission in milliampercs per 
centimeter of filament length. This figure multiplied by the 
length of filament operating at full temperature gives the 
total emission. When the emission per centimeter of length 
has been found from Fig. 5*2, the filament life can be pre- 
dicted from Fig. 5*3. The intersection of the line giving the 
emission in milliamperes per centimeter of length of the fila- 
ment and the line for filament-wire diameter gives the pre- 
dictable life in hours. A pure-tungsten filament is near the 
end of its useful life when the diameter has boon reduced hy 
tungsten evaporation to nine tenths of its original diameter. 
The end-of-life figures given in Fig. 5*3 are based on this 
observation. 

By assuming various values for A in equation 5 *2 and by 
using Figs. 5*2 and 5*3, the variation of life with filament 
(current can be determined. 

From Fig. 5*1 the variation with life of electron emission, 
filament current, wire diameter, temperature, and rate of 
evaporation are determinable for the value of the current A 
used in solving e(iuation 5 *2. 

Where it is possible to prec^alculate the electron emission 
required for an application, the curv^es shown in Figs. 5*1, 
5-2, 5*3, and 5‘1 can be used to precalculate the filament 
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current required to give that emission. Assume that 
si.\ tenths of the initial tube emission is ample for a given 
requirement; it is then desirable to calculate filament cur- 
rent for seven tenths, to allow for line-voltage variations 



1800 1900 2000 2100 2200 2500 2400 2500 2600 

Fig. 5-1 Curve giving values of B' for equation 5-2. 

and tungsten evaporation and to avoid frequent readjust- 
ments of filament voltage. Total required emission then is 
divided by the length of emitting filament to obtain the 
emission in milliamperes per centimeter. From Fig. 5-2 
the required temperatu/e is obtainable because the wire 
diameter is known. From Fig. 5*1, J5' can be obtained for 
that temperature. Then, by substituting B' and the wire 
diameter in equation 5-2, the reejuired current can be deter- 
mined. The life in hours can be determined for that setting 
of filament current and the emission level has been assumed 


MILLIAMPERES OF EMISSION PER CENTIMETER 
WIRE DIAMETER (MILS) OF RLAMENT UEHOm 



Fig. 6*2 Curves relating emission per unit length, wire diameter, and temperature for pure-tungsten filaments. 
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Fia. 5*3 Curves relating emission per unit length, diameter of wire, and life of pure-tungsten filaments. 


to be 10 percent over the required minimum, so the fre- 
quency of readjustment of the filament current is predictable. 

The filament of the type 207 tube has a rated current of 
52 amperes, a diameter of 40 mils, and an effective length of 



Fio. 5-4 Curves giving variation of temperature, diameter, watts, 
emission, and rate of evaporation of a pure-tungsten filament with life 
in terms of the original values at the beginning of life. 


approximately 16 inches (40.6 centimeters). From equa- 
tion 5*2, 

B' = = 2.87 


From Fig. 5*1, the temperature in degrees Kelvin is 2590; 
from Fig. 5*2, emission per centimeter is 210 milliamperes; 
from Fig. 5*3 the life in hours is 4100, and total emission is 
8-52 amperes. 

This example is based on the assumption that: (1) the tube 
is operated at constant filament voltage, and (2) thermal 
energy radiated by the filament is all absorbed by the anode. 

Actually line-voltage variations modify the predictable 
life, and all the thermal energy radiated by the filament is 
not absorbed by the ancxle. Enough energy is radiatcnl 
back to the filament to raise its temperature above that 
calculated, so actual tube life at rated filament voltage may 
be less than that calculated. 

At the end of life for type 207, electron emission is 5.1 am- 
peres (from Fig. 5*4), and filament current is 43. IG amperes. 
(These figures are based on the assumption that tungsten 
vaporization is constant along the entire emitting length of 
the filament. Usually the filament does not vaporize evenly.) 
Filament diameter at the end of life is 36 mils, and filament 
temperature is 2543 degrees Kelvin. 

Figure 5-4 is accurate in the temperature region of 2550 de- 
grees Kelvin, the average temperature for most tungsten 
filaments. Between 2500 and 2600 degrees Kelvin the error 
in using these curves is less than 3 percent. 

Thoriated-Tungsten Emitters 

The electron-emission efficiency of a thoriated-tungsten 
cathode usually is from 10 to 50 times that of a pure-tungsten 
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filament. The emission usually is between 100 and 200 
milliamperes per watt expended in heating the cathode. 

This type of primary emitter is susceptible to damage by 
positive-ion bombardment, especially if the positive ions are 
accelerated toward the cathode at high velocities. For this 
reason, tubes with thoriated-tungsten filaments usually are 
designed for operation at anode voltages less than 5000. 
Some tubes have been built for anode voltages higher than 
5000, but in these the residual gas pressure is low, or the 
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for operation at temperatures between 1950 and 2000 degrees 
(if normal carburization is assumed). 

The layer of tungsten carbide shown in Fig. 5*5 gradually 
changes to that shown in Fig. 5 '6. At temperatures of 
2100 degrees Kelvin and above this change is rapid. In this 
decarburized condition the filament loses its high emission 
efficiency and approximates the emission efficiency of pure 
tungsten at that temperature. 

To detennine operating temperature of a thoriated- 
tungsten filament, its diameter (or weight in milligrams per 
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Fia. 5 • 5 Photomicrograph of a carburized thoriated-tungsten filament. 
The outer shcdl is composed of tungsten carbide crystals, and the center 
of thoriated tungsten. This filament is 0.010 in. in diameter. 


Fig. 5*6 Photomicrograph of a decarburized thoriated-tungsten fila- 
ment. There are some remaining cryst als of tungsten carbide remaining 
in the filament completely cnrlf)sed by the tungsten. 


ratio of maximum emission current required for tube opera- 
tion to the total emis.sion the filament can supply is main- 
tained at 0.25 or less. 

If this ratio is maintained at 0.25 or less a dense cloud of 
electrons surrounds the cathode at all times. Positive ions 
must pass through this electron cloud to strike the filament. 
Many ions are neutralized; thus the number striking the 
cathode is reduced. 

The ratio 0.25 may be cx(;eeded if the anode voltage is not 
applied continuously. It may be increased to approximately 
0.8 if the ratio of Eb on to E^ off is reduced to approximately 
0.01 or less. 

Carburization by heating the thoriated filament in a hydro- 
carbon atmosphere at a temperature between 1400 and 
2400 degrees Kelvin gives it this high emission. When heated 
thus, free carbon is released from the hydrocarbon gas and is 
deposited on the filament surface. Subsequent heating in a 
vacuum causes a reaction between the tungsten and the 
carbon, forming tungsten carbide (W 2 C). Figure 5*5 shows 
a photomicrograph of a carburized filament 0.010 inch in 
diameter. 

Optimum operating temperature of such filaments is be- 
tween 1950 and 2000 degrees Kelvin, with the permissible 
temperatures between 1900 and 2100 degrees. At 1900 
degrees the life is longer but the usable emission is low; at 
2100 degrees the available emission is much higher but the 
emission life is from about one-fourth to one-third the life 


200 millimeters of length) and the normal filament current 
per strand must be known. 

The diameter of the filament (in mils) is related to the 
weight by 


d = 


W 

k 


(53) 


where d == diameter in mils 

W = weight in milligrams per 200 millimeters 
fc = a (conversion factor dependent upon the composi- 
tion of the wire. 


Values of k are; 


Pure tungsten 

Tung.sten wire with 1% thoria 
Tungsten wire with l!^% thoria 
Tungsten wire with 2% thoria 



Density 

k 

(g/cc) 

1.931 

19.06 

1.908 

18.83 

1.898 

18.73 

1.875 

18.47 


Wire weight W is related to current, wire conversion com- 
position factor fc, and temperature factor B by 

W = AHB (5-4) 

where W = wire weight in milligrams per 200 millimeters 
A = heating current in amperes 
A; = a factor dependent upon the wire composition, 
as given for equation 5-3 

B = a conversion factor varying with temperature 
(see Fig. 5-7). 
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Thus, if wire weight (or wire diameter) and filament cur- 
rent per strand are known, a solution of equation 5*4 for B 
and a reference to Fig. 5*7 determine the temperature. 
Should the temperature be approximately 2100 degrees 
Kelvin, it is too high for most applications. A temperature 
of approximately 1900° is satisfactory for low-load conditions. 

If current per strand and wire diameter are known, equa- 
tion 5*2 can be solved for B', and the temperature can be 



Fig. 5-7 Curve giving values of B in equation 5-4. 


determined from Fig. 5*1. Figures 5*1 and 5*7 are applic- 
able to both carburized thoriated tungsten and pure- 
tungsten filaments if the carburized filament has been car- 
burized to a 20 percent increase in voltage at the rated fila- 
ment current. 

Oxide-Coated Cathodes 

Oxide-coated filaments or cathodes usually are used only 
in high-vacuum tubes with anode potentials less than 1000 
volts, especially if the electron-current density is relatively 
high. At low-current densities, or w^hen anode voltage is 
applied intermittently, voltages of about 20,000 have been 
used successfully. 

Anode voltage is limited apparently because this type of 
cathode cannot withstand bombardment by high-velocity 
ions (see equation 5* 1) for long periods. If anode voltage is 
applied in pulses, it usually can be increased as the duration 
of the pulse decreases. Unless anode voltage is limited, 
craters form at the cathode surface and lead to the rapid 
destruction of the cathode. The time required" for such 
craters to form determines the duration of the anode-voltage 
Dulses. 


Controli Screen, and Suppressor Grids 

With an ideal grid the proper electrostatic potentials could 
be established at the desired points between cathode and 
anode, and no electrons would be intercepted. These elec- 
trostatic planes would be at constant potential. 

An actual grid only approximates this ideal and has these 
disadvantages: 

1. It intercepts electrons (if grid is at a positive potential). 

2. It does not establish uniform electrostatic potentials; 
see Fig. 3-4 (a). 

The normal function of the control grid is influenced by 
several factors, the most important of which are: 

1. Amplification factor desired. 

2. Energy radiated by the cathode. 

3. The class of operation (class A, B, or C). 

4. Applied anode voltage. 

5. Secondary-emission characteristics of the grid material. 

6. Energy dissipated in the grid in class and class 
operation. 

The amplification factor (defined as dEJdEg) is a func- 
tion of: 

1. Spacing between grid and anode. 

2. Spacing between adjacent grid wires. 

3. Diameter of grid wires. 

4. Spacing between grid and cathode. 

Formulas for the amplification factor are based on the 
grid configuration necessary to reduce the effect of anode 
voltage at the cathode to zero, that is, to make the factor 
[Eg + {Eh/y)] equal to zero. (See equation 3*22.) 

For plane structures: 

2vND - log* cosh irNd 

y as 

log, coth irNd 
2TrD 

y = J 

A log, 

ird 

2 sin — 

2N 

where y = amplification factor 
N =« pitch of grid winding 
d = diameter of grid wdre 
D = distance from grid to anode. 

Equation 5 ‘6 is suflSciently accurate, when the grid-wire 
diameter is small in comparison with the center-line distance 
between adjacent grid wires. Equation 5*5 is accurate for 
all ratios of d/(l/A). Neither equation is accurate if the 
cathode-to-grid distance is less than 1/A. 

For cylindrical structures: 


(5-5) 
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2wNrt log, — — log, cosh vNd 
rg 

/i = 

log* coth rNd 

where y » amplification factor 
A « pitch of grid winding 
• d as diameter of grid wire 
Ta = anode radius 

Tg =B grid radius to center of grid wires. 


(5-7) 
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Formulas for ^ usually are of the same general form with 
minor coefficient differences. 

Part of the energy radiated by the cathode is intercepted 
by the grid, thus causing an increase in its operating tempera- 
ture. If the grid is made with lateral turns on vertical sup- 
ports, the supports are spaced midway between filament 
wires, which are vertical, so that supports intercept a mini- 
mum of radiated energy as well as a minimum number of 
electrons from the cathode. 
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The value of g should not exceed 200,000 volts per inch for 
most grid materials. 

Secondary emission varies almost inversely with the 
diameter of the grid wire. Although large grid wire is desir- 
able for mechanical strength, the use of grid wires larger 
than about 0.025 inch in diameter materially increases grid 
current in the positive-grid region (classes B and C); thus 
more power is required to drive the grid to the positive 
levels required for efficient class B or class C operation. 
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Fia. 5*8 Curves showing radiating properties of varit)U8 anode materials, both smooth and sandblasted. 


In class A service the grid is always negative with respect 
to the cathode; therefore, grid design is concerned only with 
the amplification factor desired and the energy radiated by 
cathode and anode. 

If applied anode voltage is 10,000 volts or above, the radius 
of the grid wire should be as large as it can be made con- 
veniently, to avoid field emission in any class of service. 
Voltage gradient g at the grid wire is, very nearly. 


Ta nd 
ra log. - 


(5-8) 


where Vg * radius of a grid in inches 
Ta = anode radius in inches 
n « turns per inch of grid 
d = diameter of grid wire in inches 
Eb “ anode voltage. 


A compromise on grid design whi(;h combines all factors 
must then be used. 

Anodes 

The anode intercepts electrons that pass through the grids. 
Heat energy released by electrons striking the anode must 
be dissipated by the anode. This energy is the product of 
the instantaneous anode voltage and current averaged over 
a cycle or an interval of time. 

The radiation-cooled anode is usually made from graphite, 
tantalum, molybdenum, nickel, or a combination of tw^o or 
more of these materials, lladiation capabilities of these 
materials are shown in Fig. 5*8. Roughening the radiating 
surface by blasting it with carborundum grit or sand in- 
creases the energy-dissipating ability of the outer surfaces. 

Tantalum not only is a radiator but also absorbs many 
gases that may be released during the life of the tube. 
Columbium and, to a striking degree, zirconium also are gas 
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absorbei*s. Powdered zirconium is often used to coat graphite 
molybdenum or nickel anodes to act as a “getter"’ for gases 
released during the life of the tube. 

If anode dissipation is greater than about 1 kilowatt, the 
anode is usually designed as a part of the vacuum envelope 
(external anode). The cooling medium is forced air or 
water, or a combination of the two. 



Fia. 5-9 Cross section of air cooler for tubes showing sections men- 
tioned in the text. 

A water jacket is designed for only slight separation be- 
tween the outer surface of the anode and the internal surface 
of the water jacket. In any continuous system 

va = constant (5*9) 

where v = velocity 

a = cross-sectional area. 

Therefore, reduction in cross section of water around the 
tube increases water velocity. This increased velocity is 
necessary to prevent formation of steam bubbles at the 
anode surface. If water velocity is not sufficiently high to 
carry steam bubbles away as rapidly as they are formed, the 
anode “hot-spots” because steam bubbles are comparatively 
good heat insulators. Water velocity must be high enough 
to produce a Reynolds number greater than 4()(X). Water 
flow then is turbulent, and cooling efficiency is increased. 
The Reynolds number test is 

dpv 

Re == — (5-10) 

V 

where d = equivalent duct diameter in centimeters (see 
equation 5*l()d) 
p = density 

V = velocity in centimeters per second 
fl = viscosity. 


Air cooling usually simplifies design and maintenance of 
radio-frequency equipment. Industrial equipment with air- 
cooled tubes can be moved from one power source to another; 
such equipment eliminates the problem created by a water 
supply containing soluble salts or alkalies. 

With water-cooled external-anode tubes equipment can 
be designed more compactly, and energy dissipation usually 
can be increased without increasing anode size. 

The radiator for a forced-air-cooled tube usually is soldered 
to a copper anode with tin, cadmium, or a soldering alloy. 
The use of these solders restricts the use of radiator core 
temperatures from 180 degrees centigrade for tin to approx- 
imately 220 degrees for cadmium or alloy solders. 

The radiator core cannot be operated safely at a tempera- 
ture near the melting point of the solder used. The tempera- 
ture gradient through the solder used, the radiator core, and 
along the core to the point of temperature measurement 
must be accounted for in setting safe operating temperatures 
as shown by Fig. 5*9. 

To compute temperature drop from the inside of the 
anode to the radiator core walls, these factors must be known : 


Conductivity of copper 
Conductivity of solder used 
Energy dissipated per unit length in watts 
Air velocity (centimeters per second) = v 

Rate of heat transfer from fins to air in calories per 
second per square centimeter per degree centigrade = h 
Heated perimeter of air ducts (centimeters) = p 

Fin thickness (centimeters) = 6 

Cross-sectional area of air ducts (square centimeters) = A 
Hydraulic radius of one air duct (centimeters) = rn 

Equivalent diameter of one air duct (centimeters) = d 
Total cooling-fin area per unit length (sejuare centi- 
meters) = 5 

Rate of air flow (cubic feet per minute) = 


The necessary physical constants for air at G0°C arc 

P = l.Ofi X 10“^ gram per cubic centimeter (air density) 
kc = 6.25 X 10”“* calorie per second per square centi- 
meter per degree centigrade (thermal conductivity) 
Cp = 0.24 calorie per gram per degree centigrade (specific 
heat) 

rj = 1.95 X 10““* gram per second per centimeter 
(viscosity) 

Average fin temperature above ambient is 
m m 

T/ avK = = — degrees centigrade (5 • 10a) 

€/ hs 

where e/ = rate of heat transfer in calories per second per 
imit length and is equal to hs 


yo.s 


0.0225 — 

(5 106) 

heat generated per unit length in cal- 
ories per second 

(5- 10c) 

^Tk 

(5 10d) 

A 

(5- 10c) 


P 
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The temperature is a maximum at the root of the fin which 
corresponds to the outer core temperature: 


Tc 


avg 


tank Qf 


Qf 


(5-10/) 


where w 
kc 


Qf 



(5-lOg) 


radial length of fin in centimeters 

heat conductivity of copper 

0.9 calorie per second per centimeter per degree 

centigrade. 


Bases 

A base may be the external terminal of the cathode, the 
grid or grids, the anode, or a combination of them. 

Besides carrying the electrical connection to the proper 
electrode, the ba.se radiates heat conducted to it and radiates 
contact losses between external connection and base. On 
high-voltage rectifier tubes the anode and cathode bases 
usually are rolled back at the edges to minimize sharp points 
from which cold-emission discharges may emanate. 

If the tube is used at radio frequencies the base may be 
separated from the glass envelope by a low-loss ceramic 
material, which minimizes radio-frequency displacement 
currents between base and other elements. 


To Tc must be added the temperature drop through the 
radiator eore and the solder used to obtain the true anode 
temperature: 

1 Do 

'^core drop = ^ — ~ log« — degrees centigrade (5 • lO/i) 
27rkc dc 

where Dc = outer core diameter in centimeters 
dc = inner core diameter in centimeters. 


^solder drop = w - -- degrees centigrade (5-100 
Trdeks 


where = solder thickne.s.s in centimeters 

fc, = heat conductivity of solder (calories per second 
per square centimeter per degree centigrade) 


Envelopes 

The envelope is that portion of the tube which maintains 
the vacuum attained during the manufacturing process. 
Maintenance of vacuum requires not only a continuous glass- 
work but also a satisfactory mctal-to-glass seal. 

All tubes of the recei\'ing type and some low-power trans- 
mitting tubes are insulated by soft glasses. The metal- 
gla.ss seals are usually of an iron-core copper wire so propor- 
tioned that the combined expansion coefficient matches that 
of the glass u.sed. Several patented soft-glass-sealing alloys 
are widely used. 

Most transmitting tubes are made with hard-glass en- 
velopes. Their metal-to-glass seals usually are of tungsten, 
molybdenum, or Kovar.* In hard-glass seals as well as soft- 
glass seals the seal material is oxidized and the gla.ss is heated 
and pressed into contact with the oxide of the metal. The 
glass 'Svets'^ the oxide of the metal quite readily. If the 
oxide is too thick the oxide peels away from the metal. If 
the seal is overheated the oxide of the metal dissolves into 
the glass, leaving a weak seal. In external-anode tubes 
either the Housekeeper type of seal or a Kovar seal is usually 
used. In the Housekeeper seal (so named for its inventor) 
the copper is machined to a thin edge, usually about 0.0025 
inch in thickness, is cleaned, oxidized, and sealed to a soft or 
hard glass. Even though an expansion coefficient difference 
of from 31 X 10“^ for type 707 glass to 150 X lO"”^ for 
copper is often used, the flexing of the thin copper edge is 
sufficient for a satisfactory seal. 

* A patented alloy of cobalt, iron, and nickel with an expansion coeffi- 
cient of 45 X centimeter i>er centimeter per degree centigrade. 


Exhaust Procedures 

Exhaust procedures for scaled-off tubes (tubes without a 
continuous pumping system) may be divided roughly into 
three groups : 

Group A. High-production types which require high- 
speed exhaust equipment. In this group are all receiving 
types, as well as small transmitting types. 

Group B. Semi-high-production types where several tubes 
are scaled to one pumping system. 

Group C. Low-production types with one tube to each 
pumping .system. 

Group A is composed principally of the receiving types 
and transmitting types where the power input and voltages 
used arc low. The degree of outgassing has only to be com- 
mensurate with the severity of usage. Once the tube is 
under vacuum the tube parts are heated and the gases are 
pumped out through the pump tubing (usually termed 
‘Tubulation^'). This heating is accomplished by operating 
the cathode at a voltage somewhat above operating voltage, 
and by pa.ssing electron current between the cathode and 
other elements or heating the grids and anode by induction 
heating. Outgassing is ac(!omplished by the first means 
plus the second or third, or by a combination of all three. 

The cathodes of almost all receiving tubes are oxide- 
coated. The base material (u.sually nickel or nickel alloy) is 
coated with barium, strontium, and calcium carbonates. 
Iligh-temperature flashing on exhaust changes the carbonates 
to the oxides. The residue gas, carbon dioxide, is removed 
by the pumping system. 


BaCOa, SrCOa, CaCOg BaO, SrO, CaO + COg 

This reaction usually takes places in an atmosphere con- 
taining some oxygen, so that free carbon is not liberated by 
the reaction. As the tube progresses to positions of higher 
vacuum on the exhaust machine, the elements are heated to 
higher temperatures. Usually at the last stage of the ex- 
haust machine the “getter” is exploded. The getter is of 
barium, strontium, aluminum, magnesium, or some other 
metal which combines chemically with the residual gases in 
the tube as it vaporizes, to further reduce gas pressure. The 
getter also combines with gases released slowly from the 
elements as the tube is used. 

Tubes in group B usually are sealed to separate risers 
from a common manifold which is evacuated by a common 
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pumping system. All tubes on the manifold are given the 
same process simultaneously. 

Glass absorbs water vapor, which is injurious to the 
cathode, so the tubes must be ‘‘baked’^ to remove it. For 
most tubes this baking is done at an oven temperature 
between 400 and 500 degrees centigrade, depending upon 
the type of glass used. 

The cathode (usually filamentary in tubes of this exhaust 
class) operates at the highest temperature of any other 


ture below that necessary to flash the getter, and flashing 
the getter is usually the final operation in the exhaust pro- 
cedure. 

For tubes in group C the exhaust procedure used is similar 
to that for group B, except that an individual piunping 
system ordinarily is used. The design of the pump and the 
pumping system controls the time required to obtain the 
desired pressure of 1 X 10”® millimeter of mercury (or less) 
within the tube. Connections between the pump and the 



Fia. 5*10 Curves relating pumping speeds versus diameter and length of pumping ajxjrtures. 


element and is usually degassed first by flashing at about 
2.3 times the normal filament voltage. The ratio of 2.3 
applies only to tubes with thoriated-tungsten filaments. 
Tubes with pure-tungsten filaments, or kenetrons or plio- 
trons with oxide-coated filaments, are seldom exhausted by 
this exhaust procedure, except in experimental lots. 

An induction-heating coil is placed around each tube, 
and the anode acts as a one-tum secondary of a radio- 
frequency transformer. Radio-frequency current induced 
in the anode heats it to the proper temperature for degassing. 
The grids also are heated to about the same temperature, 
except for the energy radiated from the open ends of the 
anode. Some manufacturers omit induction heating for 
tubes with tantalum anodes; instead the elements are heated 
by direct electron bombardment after the filament is out- 
gassed. 

After the elements have been degassed, the getter con- 
tainer (if one is used) is degassed by preheating to a tempera- 


tube must be as large in diameter and as short as possible 
for high pumping speed. Figure 5-10 relates the variation 
of diameter and length of manifold to pumping speed. 

A vacuum of approximately 10”^ millimeter of mercury 
is usually desirable before the baking operation is performed, 
so that internal parts of the tube do not become oxidized. 
External parts are allowed to oxidize, except where copper- 
to-glass seals are used. Copper thickness at the glass seal 
is usually from 0.005 to 0.008 inch thick, and therefore must 
be protected from oxidation during baking and subsequent 
outgassing. 

The tubes in this group usually have massive filaments 
containing large quantities of gas; therefore they are out- 
gassed by increasing filament voltage (or current) in rela- 
tively slow steps. A large increase in filament temperature 
could release enough gas to contaminate the other elements 
of the tube or initiate an arc discharge between the filament 
terminals. Filament temperature is increased to about 
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2700 degrees Kelvin and the exhaust proceeds with the 
filament alone until gas pressure is approximately 10"~® milli- 
meter of mercury. 

Power required to exhaust tubes in this group usually 
varies between 1 and 8 kilovolts. For d-c power supplies, 
voltage is obtained more economically than current; there- 
fore high voltage is usually used for ‘‘bombarding*’ supplies. 
In order to utilize high bombarding voltages the filament 
must bo operated below normal operating voltage to 
limit electron emission to the necessary current; that is, 
tubes on exhaust must then be run with the filament oper- 
ating “emission limited.” Voltage from the bombarding 
supply is applied (usually to the grid), and filament current 
is increased until emission current multiplied by the uni- 
directional voltage applied gives the wattage required for 
exhaust. 

As for filament outgassing, grid and anode outgassing 
must proceed progressively with low gas pressure in the tube, 
otherwise an arc discharge may destroy or damage the tube 
parts. 

Grids of tubes in this exhaust group usually are made from 
tantalum, tungsten, or molybdenum. These refractory 
metals can be operated safely during exhaust at tempera- 
tures ranging from approximately 1500 degrees centigrade 
for molybdenum to 2200 degrees for tantalum and to 2600 
degrees for tungsten. The energy dissipated in the grid, or 
grids, usually is sufficient to heat copper anodes to their 
outgassing temperature (750 to 850 degrees centigrade). 

After exhaust the tube is sealed off from its pumping 
system. Gas and water vapor released from the glass during 
scaling off is removed by the pumping system. This opera- 
tion does not increase residual gas pressure in the tube 
appreciably. 

After the exhaust procedure, tube terminals are cleaned 
and the tube then is ready for testing. 

Testing usually includes: 

1. Measurement of filament current at rated filament voltage 
{or vice versa). 

2. Measurement of residual gas content. This operation 
usually is performed by applying a positive potential to the 
anode and a sufficiently negative potential to the control 
grid to limit anode current to a given value. Usually the 
anode voltage and anode current are selc(».ted so that their 
product exceeds the rated anode dissipation by 30 to 50 per- 
cent. Passage of anode current ionizes residual gas. 

Most gases form positive ions, so they arc collected by 
the grid, the most negative element, and may be measured 
by an ammeter in the grid circuit. The ammeter does not 
measure ion current directly, but does measure electrons 
supplied by the grid-bias supply to the grid to neutralize 
ions collected by it. 

3. Meamrement of amplification factor (m). Since m is 

defined as . „ 

Olib 

this measurement is made at a selected anode current, and 
Bb and Eg are varied to keep h constant. A bridge circuit 
sometimes is used for increased accuracy in making this 
measurement. 


4. Measurement of anode-current characteristics. Once a 
circuit has been developed for use with a given tube type, 
the slope of the anode voltage-anode current curve must be 
maintained within a prescribed limit. This measurement 
normally is made with two different sets of grid and anode 
voltages, with limits applied to the anode current. 

5. Measurement of capacitance between tube elements. 
Circuits for use at radio frequencies usually cover a range of 
frequencies, and tube capacitances partly determine the 
range of the variable capacitances or variable inductances 
in the circuit. If the designer knows the expected range of 
tube capacitance the circuits can be predetermined, and 
any tube within the prescribed limits can be operated within 
the desired frequency range. 

0. Measurement of cathode electron emission. Tubes with 
oxide-coated and thoriated-tungsten cathodes must be 
capable of supplying peaks of emission required by both 
class B and class C operation. This measurement is made 
in either of two ways: 

By method 1 (for thoriated-tungsten filaments only) the 
tul>e is placed in an oscillator, and the circuit is adjusted for 
maximum output. The load circuit contains an indicator of 
power output. Filament voltage is lowered until the power- 
output indicator shows a decrease of 10 percent. Filament 
voltage at this point must be less than nine tenths of the 
rated voltage. 

By method 2 peak emission is measured directly by mo- 
mentary application of a high positive potential to all grids 
and the anode simultaneously. A capacitance is charged 
from a d-c source and then is discharged through the tube 
under test. A non-inductive resistor of low value is con- 
nected in series with the tube. A cathode-ray tube is then 
conne(^ted across this resistor, and the voltage drop across 
it is read directly on the oscilloscope screen. The emission 
current is then calculated. If 

s = sensitivity of the oscilloscope in volts per inch 
d = observed oscilloscope deflection in inches 
r = resistance of the resistor 

emission current A in amperes is 

sd 

A=- (511) 

r 

The temperature of pure-tungsten filaments must be con- 
trolled accurately. If the filament is too hot at its rated 
voltage the life of the tube will be short, and if it is too cold 
the emission will be insufficient for proper circuit operation. 
Since emission is proportional to temperature, proper con- 
trol of temperature is obtained by adjusting filament length. 
The filament wire is then processed to keep electron emission 
within appropriate limits. 

6-2 VACUUM RECTIFIER TUBES 

The vacuum rectifier tube (termed kenotron to differen- 
tiate from the gas-filled rectifier termed phanotron) basically 
consists of a source of electrons and a collector of electrons. 

Electrons move from the cathode to the anode only if free 
electrons are available at the cathode and if the anode is 
positive with respect to the cathode. This electron move- 
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ment can be regulated by controlling the number of elec- 
trons available and by adjusting the anode potential. 

The voltage wave between cathode and anode in a half- 
wave rectifier circuit is shown in Fig. 5*11. The peak value 




Fio. 5*11 Curve of voltage distribution and simplified circuit diagram 
of a kenotron rectifier circuit. 


of rms voltage E is about equal to Ei^y, if the transformer 
regulation is good. Tube voltage drop depends upon tube 
design as well as upon the value of R, for the voltage drop 
varies with the rectified tube current. When the tube is 
conducting, 

Ri + €6 = lAUE 

The factors controlling voltage and current ratings of a 
kenotron are: 

1. Average and peak current ratings are dependent pri- 
marily upon the number of free electrons available from the 

/ 



PLATE VOLTAGE (VOLTAGE DIFFERENCE BETWEEN 
ANODE AND CATHODE ) 


Fio. 5*12 Curves showing voltage distribution across a kenotron for 
various filament-voltage settings. 


cathode. For purc-metal cathodes (such as tungsten or 
tantalum), peak current should not exceed the maximum 
electron emission (see curve 1 in Fig. 5*12). For maximum 
tube life, this peak-emission demand should not exceed 
approximately sLx tenths of the electron-emission capability 
of the tube (see Fig. 5-4). 

Figure 5*12 shows that, if the peak emission of the cathode 
is exceeded, the voltage drop in the tube increases rapidly. 
Anode dissipation (/effi&eff) then may exceed its maximum 
value, which may temporarily or permanently damage the 
tube. 

If the peak-current rating is exceeded the forward voltage 
during the conducting half-cycle increases. This increased 
voltage increases the velocity of positive ions striking the 
cathode. With oxide-coated cathodes or thoriated-tungsten 



Fio. 5-13 Sectional sketch showing voltage gradient across a cylindri- 
cal kenotron during an inverse half-cycle. 

cathodes, this increased velocity of bombardment may im- 
pair electron emission of the cathode. 

2. Inverse-voltage ratings are dependent upon spacings 
between elements, contours of the elements, and external 
path between anode and cathode terminals. The design 
should limit the voltage gradient to less than 200,000 volts 
per inch for most surfaces. 

Voltage across the tube elements is highest when the 
anode is negative, so rough surfaces, sharp points, and parts 
with small radii must be avoided on the anode to prevent 
electron-field emission. 

In a parallel-plane diode (-&&+) with cold cathode, E is 
constant between cathode and anode. In a cylindrical 
diode (Eb +)9 E is greater near the cathode than near the 
anode; if the anode is negative with respect to the cathode, 
E near the anode is less than in a plane structure. If the 
anode were infinite in length the gradient would be as shown 
in Fig. 5*13, because the anode has a negative radius in 
calculating the gradient from anode to cathode. Rolling 
the anode edges with a large radius, as shown in Fig. 
5*13,; is a practical expedient toward extending the ends 
indefinitely. 
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If Exo is the work function of the anode material, AEw or 
the decrease in work function caused by the electric field 
at the anode is 

= SOOVeEK? (5 12) 

where e =* electron charge coulombs 

E = electric-field intensity in volts per centimeter near, 
the anode surface. 

Element spacing and contours should be such that AE,^, 
is as small as practical. External spacing between cathode 
and anode terminals must be such that there is no voltage 
breakdown along the external surface of the glass envelope 
even if it is coated with dust particles. Dust particles accu- 
mulate on the glass surface because of electrostatic charges. 

Figure 5*12 is characteristic of all high-vacuum rectifiers 
with pure-tungsten cathodes. Curve 1 is a cross plot of 
voltage difference across the tube against current through 
the tube at the maximum rated filament voltage. Curve 2 
is for a lowered filament voltage, and curve 3 for a still lower 
voltage. 

With the filament voltage as in curve 1, the filament (or 
cathode) can supply the number of electrons required for 
voltage drop Eu\ across the tube, thus giving the current 
/bi. Likewise, if potential differences ftcross the tube are 
Eh 2 and EbZy the currents through the tube are 1^2 and / 63 . 

For a filament voltage A/, /^i represents the maximum 
electron-emission current that the filament can supply. If 
Eb is increased beyond Eb\f the tube is said to be running 
emission-limited. If filament voltage is A/, and Eb is less 
than Ebif the tube is said to be operating space-charge- 
limited. If the filament voltage is raised above £/, the curve 
of anode current versus anode voltage follows the dotted 
curve C as predicted by equation 5*13. 

The region of the chart to the left of the line marked Ebi 
is said to be the space-charge-limited region of the tube for 
that filament voltage. In this region the plate current fol- 
lows Child's law: 

E^ 

J = 2.331 X 10 T- (for flat structures) (5*13) 

where s — cathode-to-anodc distance in centimeters 

J = current density in amperes per square centimeter. 

For filament voltages giving curves 2 and 3, the space- 
chargc-limitcd regions are to the left of Eb 2 J^i^d Ebs respec- 
tively. 

If the load on the rectifier causes a voltage drop greater 
than Ebu Eb 2 y or Ew, depending upon which filament voltage 
is used, the tube is then operating in the emission-limited 
region. If the filament could supply electrons in unlimited 
quantities, the anode voltage-anode current curve would 
continue as shown by C. Thus any excursion into the region 
to the right of curve 0-C is into the emission-limited region 
B. 

Curves a, 6, c are essentially parallel and are inclined 
upward to the right. This increase of current with an in- 
crease of tube-voltage drop is caused by an effect first 
calculated by Schottky, hence called the Schottky effect. 
The effect can be calculated from Schottky 's formula: 

7 = 7,«4.389EH/r (5.^4) 


where 7* represents the current just to the left of the knee of 
the curve, and 7 is the current at the point being calculated 
and at the field intensity E with the filament at temperature 
T degrees Kelvin. 

In the emission-limited region, E materially increases at 
the cathode. This increase effectively lowers the work 
function of the cathode surface, which in turn increases the 
emission current drawn from the cathode. With equations 
5 • 14 and 5 12 the increase in emission current and decrease 
in work function respectively can be computed for the 
emission-limited region. 

The power dissipated in the rectifier tube is the product 
of effective voltage across the tube and effective current 
through the tube during the conducting half-cycle. In the 
emiasion-limited region enough power may be dissipated in 
the tube to destroy or seriously damage it. The maximum 
current rating is controlled by the number of electrons 
available at the cathode and upon the dissipation capa- 
bilities of the anode. 

Contours of the elements and spacings between them 
must be considered in determining inverse-voltage ratings. 
The voltage gradient at the surface of an clement is in- 
versely proportional to the square of the radius at the surface 
of that clement. The radius must not be such that the 
gradient can cause field emission at the maximum inverse 
voltage. 

Mechanical stresses must be considered also. The force 
which exists between rectifier elements is 

F = X 10-« (5 15) 

where C is the capacitance in farads and E is maximum 
inverse voltage. F is only numerically equal to the right- 
hand side of this equation. 

Figure 5-14 shows the relative lengths of two rectifiers. 
Type WL-531 has an inverse rating of 50,000 volts with an 




Fio. 5 14 Illustrating variations of tube length with inverse-voltage 

ratings. 

external glass length of 4J^ inches. The WL-616 has an 
inverse voltage rating of 150,000 volts and an external glass 
length of approximately 22 inches. 
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If Fig. 5*12 were applicable to the WL-OIG, /6i would 
be 750 milliamperes or less to avoid operating the tube 
emission-limited. Well-designed pure-tungsten-filament 
kenotrons have an excess of at least 40 percent in emission, 
because there is a decrease of emission during life. This 
excess provides ample emission at the end of tube life. Aver- 
age plate current cannot usually be exceeded in any rectifier 
circuit without exceeding anode dissipation. If tubes with 
pure-tungsten cathodes are used at less than full anode 
current, less than the rated filament voltage may be used. 


functions in the same envelope. Demodulation is basically 
the same function as that performed by power rectifiers. 

The power level for demodulators is usually under 1.0 watt, 
the principal requirement being linearity of output to avoid 
audio-frequency distortion. 

6-3 TRIODES 

A triode is a three-electrode vacuum tube containing an 
anode, a cathode, and a control electrode, usually called a 




Eb 



Eb 



Fia. 5 15 


Tube characteristic curves showing variation of shape of curves with amplification factor. 


With thoriated-tungsten or oxide-coated-cathode keno- 
trons, cathode voltage must be within the ratings given by 
the manufacturer. 

For full-wave rectification at low power and low voltage, 
two diodes usually are combined in one envelope by using 
common filament leads to simplify tube construction, thus 
reducing the number of tube terminals to four. Oxide- 
coated filaments or cathodes are used to reduce cathode 
power. 

For demodulation or detection in radio receivers a single 
or double diode is commonly used. These diode(»^ are often 
placed in the same envelope with other tube elements to 
save space or tube cost, thus combining two or more tube 


grid. Physical size of triodcs varies from the hearing-aid tube, 
approximately the diameter of a pencil and about inches 
long, to demountable tubes about 10 inches in diameter and 
6 feet long. Radio-frequency power outputs range from the 
few watts of the hearing aid and “acorn^* types to approxi- 
mately 500 kilowatts in some continuously pumped varieties. 

Radio frequencies beyond 3000 megacycles can be gen- 
erated by triodes, but the power outputs of triodcs begin to 
decrease sharply between 50 and 100 megacycles (see Fig. 
6- 17). 

Triodes usually are better suited to the generation of radio- 
frequency energy than are tetrodes or pentodes. Triode 
oscillator circuits and circuit adjustments, as well as their 
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power supplies, are less complicated. The triode usually 
requires neutralization in radio-frequency amplifiers. Some 
types operated as grounded-grid radio-frequency amplifiers 
do not require neutralization. 

For power-output levels up to approximately 2 kilowatts, 
the radiation-cooled glass-envelope tube is often used. For 
larger power levels water-cooled or forced-air-cooled-anode 
types are preferable. Radiation-cooled tubes have been 
built for power outputs of 5 kilowatts or greater, but external- 
anode types have had wider acceptance because of smaller 
size, greater ruggedness, and comparative freedom from 
trouble. 

Plate-power conversion efficiencies of triodes usually are 
from 70 to 85 percent. 

For general use, the amplification factors of triodes arc 
between 12 and 50. Each extreme, as well as the center, of 
this range has advantages. If a tube with a high amplifica- 
tion factor is used as an oscillator, any condition that stops 
oscillation, such as a misadjusted (drcuit, may not cause 
damage to the tube. At zero grid bias the anode current 
may not be great enough to cause the anode to melt. Con- 
ditions that prevent oscillation are seldom found in well- 
designed equipment. 

Tubes with high amplification fac'tors have high dynamic 
anode resistances, thus matching better with high-impedance 
circuits. Conversely, the low dynamic anode resistance of 
tubes with low amplification factors favors their use for 
audio-frequency circuits in which amplification fa<;tors from 
3.5 to 8 are desirable. 

Figure 5-15 illustrates the transition in anode character- 
istics between amplification factors of 8 and 50. The WL-891 
and WJL-892 are identical in size, with the grids wound to 
give the required amplification factors. 

Frequency limitations of triodes as oscillators arc con- 
trolled primarily by two factors: (1) effective inductance of 
the grid, cathode, and anode leads; and (2) the time required 
for electrons to travel from cathode to anode. 

Maximum frequency is controlled also by the capacitance 
between the three elements (Fig. 5* 10). Inductances of the 



Fia. 5-16 Diagram illustrating tube-cliuiient capacitance and induct- 
ance and an equivalent circuit. 


various leads are Li, L2, and L3, and the tube capacitances 
are Ci, C2, C3. They can be combined by the following pro- 
cedure to obtain C and L in Fig. 5 • 16, where 


C 


Cpg + 


CpjcCgk 
Cpk + Cgk 


(5-16) 


and L = La + Lg + inductance of short-circuiting strap be- 
tween anode and grid. 


Combined L and C substituted in the equation 


fm 


1 

2tVlC 


(5-17) 


give the highest frequency at which the tube will operate in 
conventional circ.uits. 
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Fia. 5-17 Curve showing output versas frequency of various triodes 
and tetrodes. 


L can be approximated by taking the length of the tube 
elements plus the short-circuiting strap and substituting in 
the equation 

/ 8D \ , ^ 

L = 0.015D (2.3 logic -- - 2 j (5-18) 

where L = inductance in microhenrys 

D = mean diameter fonned by loop of tube elements 
plus the short-circuiting strap in inches 
d = average diameter of conductor in inches. 

L is an approximation only if it is obtained from equa- 
tion 5*18. Many tube elements and leads are made by flat 
ribboas with lower inductances than that given by equa- 
tion 5*18. A tube with a short-circuiting strap coastitutes 
an LrC circuit to which may be coupled a variable-frequency 
oscillator for determining the true limitation from the 
physical limitation of tube size. 

The foregoing does not account for electron transit time. 
If transit time determines the maximum frequency, 



3 X 10^ 


— 


3djfcg + - 


2d, 


M+1 


(5-19) 
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where m = amplification factor 

dkR = distance from grid to cathode in centimeters 
dga = distance from grid to anode in centimeters 
Eb = operating anode voltage 
fmtix = cycles per second. 

Performance of a few popular triodes as indicated by equa- 
tions 5 10, 5-17, 5*18, and 5-19 is as follows: 


Type 

Maximum Frequency 
from L and C 
(megacycles per second) 

Maximum Frequency 
from Electron Transit 
(megacycles per second) 

806 

195 

310 

889 

218 

308 

891 

75 

392 

892 

75 

168 


The predominant effect of amplification factor is evident 
in the frequency limitation caused by transit time of types 
891 and 892. These tubes are identical except for the ampli- 
fication factor, which is 8 for the 891 and 50 for the 892. 

The relative effect of element spacing on the frequency 
limitation of triodes is evident from e(iuation 5-19. 

Lighthouse tubes (so named from their shape) use close 
grid-cathode spacing to obtain high-frequency response. In 
smaller tubes of this type dgk is approximately 0.002 inch. 

Figure 5 • 17 shows power output versus frequency response 
of several tube types. 

6-4 TETRODES, PENTODES, AND BEAM-POWER 
TUBES 

Tetrodes 

One of the serious handicaps of triodes as radio-frequency 
amplifiers is the necessity for neutralizing the feedback (or 



Fig. 5*18 Typical tetrode characteristic curves with screen voltage 
of -f 500 volte. 

regenerative) effect of the capacitance between the anode 
and the control grid. This handicap led to the introduction 
of a second grid between the anode and the control grid. 
The second grid is maintained at a positive potential with 
respect to the cathode and Ls by-passed by a low-impedance 
capacitor to the cathode. This screen grid reduces the effect 
that variations in anode potential can have on the grid poten- 
tial; that is, the alternating component of the anode voltage 
which will exist between the anode and screen will have little 
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or no effect in the region inside the screen. Since the screen 
removes the effect of the anode potential from inside the 
screen, the anode potential no longer has any material effect 
on anode current, and the screen- and control-grid potentials 
have almost complete control of the anode current. 

Current through a tetrode can be represented by 



where 7* = electron-emission current 

7C = a factor depending upon tube geometry (often 
termed perviance) 

Ee = control-grid voltage 
Ee 2 = screen-grid voltage 

Peg = amplification factor of control grid to screen grid. 
A more exact representation is 

7. = x(^;« + — + (5-21) 

\ Meg McgM«g/ 

where Et = anode voltage 

Mag = amplification factor of screen grid to anode 

and all other factors have the same significance as in equa- 
tion 5 • 20. 

In the region where anode voltage is equal to or less than 
screen voltage on the characteristic curves of a tetrode, the 
anode current may dip as shown in Fig. 5 • 18. 

The dip is caused by secondary emission from the anode. 
If anode voltage is reduced so that it approximates the screen 
voltage, secondary electrons from the anode leave with 
enough energy to return to the screen, thus reducing net 
anode current and increasing screen current. 


CONTROL SCREEN 
GRID GRID ANODE 



Fig. 5-19 Typical potential distribution in a piano tetrode for two 
values of anode potential. Dotted line shows typical potential distri- 
bution with no grids present. 


If anode potential is reduced appreciably below screen- 
grid potential, electrons striking the anode do not usually 
have sufficient velocity to release secondary electrons; thus 
net anode current usually is greater under these conditions. 

Figures 5*19 and 5*20 show potential distributions for 
plane and cylindrical tetrodes. For electrons traveling from 
cathode to anode, dV/dx is always positive when the anode 
voltage is £ 52 * The magnitude of dV/dx in the screen-grid- 
to-anode region is controlled by (Eh — £c 2 )/(^a — ^c 2 )* 
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As this quantity approaches zero (that is, when Ei, = ^ea)* 
then dF/ctc = 0, and the energy of secondary electrons is 
sufficient to cause them to return to the screen grid. Fig- 
ure 6*21 shows that this condition is approached as 1^6 is 
reduced to some voltage between 700 and 800 (depending 

CONTROL SCREEN 


CATHODE GRID GRID ANODE 



Fio. 5*20 Typical potential distribution for a cylindrical tetrode. 

upon Ec\)* This secondary-electron current to the screen 
grid approaches a maximum when Eb = Ec 2 or Eh is sliglitly 
less than Ec 2 - If Eu is less than AV 2 , then dv/dx is positive 
for secondary electrons leaving the anode; this quality aids 
their return to the screen grid. As Eb is reduced more, elec- 
trons from the cathode travel through a negative dV/dx 
between screen grid and anode, and their velocity is rediu^ed 
so that their energy content on striking the anode is insuffi- 
cient to release secondary electrons in the previous quantities. 



Fig. 6*21 Typical characteristic curves for tetrode and i>entode for 
two values of screen voltage. Lower lines are for screen current and 
upper lines are for anode current. 


This accounts for the increase in anode current for values of 
Eb appreciably less than Ec 2 - The equation 


I. 


— + — - + — y (5-22) 

\ Meg MegMagMaupg/ 


determines maximum electron current from the cathode of a 
diode, triode, tetrode, or pentode by using applicable terms. 


Terms containing Eb may be dropped for tetrode or pentode 
calculations without serious error. 

As shown in Fig. 5-18, the minimum anode-voltage excur- 
sion for satisfactory operation must be limited to that of the 
screen voltage multiplied by a factor between 1.1 and 1.25, 
depending upon the plate current dip at Eb = Ec 2 - This 
unfavorable characteristic has been utilized in some types of 
oscillators. Precalculation of tetrode performance follows 
the same procedure as that given for triodes later in this 
chapter. 

Tetrodes are used in both radio- and audio-frequency 
circuits, although radio-frequency uses predominate. The 
tetrode offers high power gain and need not be neutralized. 
The low-power radio-frequency tetrode has been replaced 
by the pentode or beam tetrode for most purposes. 

As an amplifier a tetrode has an advantage over a triode 
at high frequencies, because its anode voltage can lag grid 



Fio. 5-22 Diagram illu.strating the Boparation by ilie screen grid of a 
tetrode into two spheres of influence. 

voltage without seriously affecting plate efficiency. Transit 
time of electrons between screen and anode is the only 
transit-time effect in the tetrode that reduces its efficiency 
materially when it is used as an ainplifiei*. Anode voltage is 
not affected by electrons between screen and cathode, so to 
the anode the screen is a source of electrons. Anode voltage 
therefore may lag grid voltage by the time necessary for 
electrons to travel from the cathode to the screen grid with- 
out an impairment in cfficiemy. 

This effect can be further analyzed by an examination of 
Fig. 5 • 22. In the tube shown, the screen grid shields region 1 
from the field set up within the tube by instantaneous anode 
voltage Cfc. Conversely, electron charges in region 1 do not 
materially affect instantaneous anode potential e?,, for Ec 2 
is held almost constant by the by-pass capacitor. As soon as 
the electron cloud moves from region 1 into region 2, then 
€b is affected. Region 2 changes from an infinite d-c resist- 
ance to a finite resistance, and Cb is reduced in magnitude 
(the capacitance between anode and screen grid is reduced 
also), thus producing an oscillatory voltage in the anode 
inductance and capacitance. The time required for elec- 
trons to travel from the cathode to the screen grid thus does 
not affect the anode efficiency of the tetrode. Instantaneous 
anode voltage then may lag exciting voltages by the angle 
determined by the time required for the electrons to travel 
from cathode to screen grid without affecting anode effi- 
ciency. 
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Beam Tetrodes 

The beam tetrtxle has two grids, and the configuration of 
the elements are such that the tube has electrical character- 
istics resembling both the pentode and the tetrode. 

Figure 5-23 shows that the anode current of the beam 
tetrode does not decrease materially as the anode voltage is 



Fig. 5-23 Typical curves of a beam tetrode with Ec 2 at -^250 volts. 

reduced below that of the screen grid. This absence of dip 
in the plate current permits a minimum plate-voltage swing 
somewhat less than the static screen voltage. 

Figure 5*24 shows a typical potential distribution of a 
beam tetrode with Ed positive. The value of dVjdx is 
positive for electrons leaving the cathode until they pass 
through the screen grid; dVfdx then becomes negative. As 
a result the velocity of electrons is reduced and they are 
concentrated between screen and anode. This concentra- 
tion is aided by the configuration of elements, which focuses 
the electrons along a relatively narrow beam and increases 
electron density between screen grid and anode. The con- 
centration lowers the effective potential between screen and 
anode. At this point of minimum potential, dV/dx is zero. 
From the region of maximum electron concentration the 
electrons are accelerated toward the anode, thus forming 
another region in which dV fdx is positive for electrons 
traveling toward the anode. For secondary electrons from 

COI^TROL SCREEN 



Fio. 5*24 Typical potential distribution in a beam tetrode. 


the anode, dV I dx is now negative, and these electrons are 
thus returned to the anode. A typical set of curves for a 
beam tetrode is shown in Fig. 5*23. There is no definite 
break in the anode current until the anode voltage is appre- 
ciably less than the screen voltage. 

Tube elements are arranged so that velocities of most of 
the electrons emitted are almost constant, and they arrive 
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at a plane equidistant from the anode in essentially the same 
interval of time. The position of the electrons in space and 
their density establish a region in which voltage-space 
gradient is almost zero; therefore this space has the elec- 
trical effect of a suppressor grid without the grid being there. 
Since a zero gradient establishes a negative gradient between 
the screen region and the zero-gradient region, electrons are 
slowed down in the zero-gradient region and are then accel- 
erated toward the anode. Secondary electrons have low 
initial energies, so a comparatively low negative gradient 
can prevent their return to the screen grid. This decelera- 
tion of electrons in the zero-gradient region usually reduces 
the efficiency of the beam tetrode at high frequencies. 

Pentodes 

The effect of secondary electrons from the anode and the 
effect of a negative electrostatic field traversed by secondary 
electrons leaving the anode are illustrated in Fig. 5-21. If a 
third grid is placed between the screen grid and the anode, 
the gradient between the third (suppressor) grid and the 
anode is made negative by connecting the suppressor grid 
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Fig. 5-25 Typical characteristic curves of a pentode with Ec 2 at 

+260 volts. 

to the cathode, thus preventing secondary electrons from 
returning to the screen grid. The secondary electrons 
released from the anode are forced to return by the negative 
voltage gradient. Figure 5*25 is the family of curves of a 
standard pentode, type 802. 

Potential distribution of a typical pentode is shown in 
Fig. 5*26. Heavy lines represent potential distribution 
through grid wires, and dotted lines represent potential 
distribution between grid wires; the upper figure for a posi- 
tive control grid, and the lower figure for a negative control 
grid. In the upper figure the downward concavity of the 
potential line between the screen and suppressor grids is 
caused by electron concentration in this region. 

The effective amplification factor of a pentode is the 
product of the amplification factors of all the grids, each 
referred to the previous grid or cathode. For power-output 
pentodes it usually is from 100 to 250, and for radio-frequency 
application it often is 1250 or higher. 

The pentode was designed to prevent plate-current dip 
at low anode-voltage excursions, which means that the nega- 
tive voltage gradient at the anode (for secondary electrons) 
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must be great enough to prevent secondary electrons of 
highest velocity from passing through the suppressor grid 
and returning to the screen. For this reason the spacing 
between suppressor-grid wires must be close enough so that 
potential distribution between the grids is sufficient to pre- 
vent return of secondary electrons. 





Fia. 5*26 Typical potential di.stribution in a pentode under space- 
charge-limited and space-charge-free conditions. 


Figures 5-18 and 5-23 show’' a sharp break in the plate 
current of the beam tetrode at a low anode voltage and a 
gradual chaitgc of plate current at low anode voltages in a 
pentode. The beam tetrode depends upon electron density 
for secondary electron suppression. As anode voltage is 
reduced, the potential minimum between screen grid and 
anode gradually decreases, until at low anode voltages elec- 
tron density decreases; a potential minimum is no longer 
established, and the sudden break occurs in the plate current. 
In a pentode the potential minimum is established by the 
suppressor, and thus there is no sharp disappearance of 
restraining force for secondary electrons. 


6-6 MULTIPURPOSE TUBES 

The pentagrid converter combines the function of a local 
oscillator and a first detector. The first two grids are con- 
nected to form a local oscillator, the third and fifth grids 
being connected to isolate the fourth grid from the effects of 
the oscillator section. Incoming signals arc applied to the 
fourth grid. The circuit connected to the anode is tuned to 
the frequency difference of the incoming signal and the local 
oscillator. 

Tube elements for rectification of the radio-frequency 
signal and amplification of the resultant audio-frequency 
signal are often combined into one envelope. This tube 
usually consists of either a single or double diode and a 
triode, tetrode, or pentode. 


2. Anode power output required. 

3. Maximum frequency of operation for full anode power 
output. 

4. Modulation frequencies (if any). 


Class A Operation 

In typical class A service the tube is operated in the nega- 
tive-grid region; therefore, there is no electron current to 
the grid. Tubes for this service require no special precau- 
tions regarding grid dissipation. 

The power output Po in class A service with a resistive 
load is 

^ (^rnax ^min)(7niax ^min) 

Po = (5 * 23 ) 


Assume that a tube is to be designed for class A service 
and (1) that it is required to deliver 38 w^atts into a resistive 
load of 10,000 ohms and (2) that anode dissipation is to be 
100 watts. 

For a resistive load: 

T-k ^maxlmax 

Po = Rl^ or ^ (5*24) 

wiiere Zrms = 01-7 milliampcres 
/max = 87.4 milliamperes 
A’max = 870 volts. 


Total current change from peak to peak of the anode- 
voltage wave superimposed on the average anode voltage is 
174.8 milliamperes or 2 X /max. 

The direct anode current is equal to half the total anode 
current change when the anode current is reduced to zero 
on negative grid-voltage modulation excursions; therefore 
may be assumed to be 87.4 milliamperes. Applied 
anode voltage then is 


100 

E ^ = 1145 volts 

0.0874 


(5-25) 
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6*6 TUBE-DESIGN PARAMETERS 

Designing of a high-vacuum pliotron is based on: 

1. The type of service. 

а. Class A operation. 

б. Class B operation, 
c. Class C operation. 

(1) Minimum and maximum operating angles. 


Fia. 5-27 Curves showing anode characteristics of a triode and 
operating lines for class A amplifier service. 


Anode-voltage change must be 870 volts, so the minimum 
and maximum anode voltages are 

^6 min ** 275 Volts 

and 


^6 max ** 2015 volts 
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Anode current must be zero when = 2015 volts, and 
174.8 inilliamperes when ^6 = 275 volts. Grid voltage ee 
may be zero but not positive under the latter conditions. 
The relation 


Is 



(5-26) 


where /, == emission eurrent in amperes 
Eg = grid voltage 
Eb = anode voltage 
/i = amplification factor 

A — a constant depending upon tube geometry 

shows that for a given value of K, /, increases as n decreases 
for any value of Eg. When Eg = 0, /« is wholly dependent 


ANODE VOLTAGE-UPPER TUBE 



Fig. 5 • 28 Curves showing operating load line for two triodes operating 
in a push-pull class A amplifier. 


upon Eb and fi. For most tube designs the lower practical 
limit for fi is approximately 3, ^vith 5 preferred. Assuming 
K = 4.29 X 10""® to make I, = 174.8 milliamperes 
when Eb = 275 volts and Eg = 0. 

For la = 0, 

—Eg — = —435 volts 

After substitution of the values calculated in equation 
5*23, the power output is found to be 38 watts. Figures 
5-27 and 5-28 give the characteristic curves o| the type 
845 tube, which is used primarily in class A service. 

The peak /, value of 174.8 milliamperes could be supplied 
with 2 watts of thoriated-tungsten-filament power, but, to 


satisfy the anode-area requirements of Ky more filament 
power must be used to give sufficient effective cathode area 
and to have a practical cathode. 

Class B Operation 

In class B operation for either radio-frequency or audio- 
frequency service the grid is biased so that there is some 
anode current if no signal is applied to the grid. With a 
signal applied, anode current passes through the tube through 
180 electrical degrees. For most tubes this bias is negative, 
but some tubes with high amplification factors can be oper- 
ated with zero bias in class B service. 

Figure 5-29 shows the characteristic curves of the WL-895 
with an operating point for class B operation. Point A may 
bo' a locus of both grid and anode voltages for either audio- 
or radio-frequency service. Through point A will pass the 
axes of both grid and anode sine waves. 

For radio-frequency service the grid is excited by a volt- 
age driving the grid from A to C (one-half cycle) with no 



ANODE VOLTS - KILOVOLTS 


Fio. 5-29 Constant-current chart of the WL-895 with a class B r-f 
operating line shown. The operating line shown gives 


No Modulation 
Jfrfc 3.87 
I, 0 

Pp 15.5 

Pg 0 


Full Modulation 
10.1 amperon 
0.935 ampere 
82 kilowatts 

812 wattii 


modulation voltages applied. Under 100 percent modula- 
tion the grid is driven to point B (one-half cycle). For the 
tube designer points A and B are of special interest. 

In class B audio-frequency service the product of Eb and 
/b at point A should be less than half of the permissible anode 
dissipation. With modulation to point B, power output is 


Po 


34 X 10,000 
2 


= 170,000 watts 


of audio-power output for two tubes operated in push-pull, 
and anode dissipation is 

170,000 

Pa = 12,500 X 10.1 ^ * 41,300 watts 

2 

thus indicating that an anode dissipation of approximately 
40,000 watts is desirable. The required average dissipation 
is less. Average anode current for 100 percent modulation 
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is 10.1 amp)eres, but the peak emission required from the 
cathode is 34 amperes of anode current plus G amperes of grid 
current. A pure-tungsten cathode to last 10,000 hours and 
cathode power of approximately 7800 watts are indicated. 

I • (space-charge current) of at least 40 amperes is required 
at point B in Fig. 5*29, so the tube must have a perviance 
factor 


K = 



(5-27) 


(630 + ^ 

for the type WL-895, which has an amplification factor of 
37.0. 

For cylindrical structures: 


K 


14.7 X 10-'* 


Lm 


^ per inch of anode length 
(5-28) 


where = grid radius in inches 
ra = anode radius in inches 

= a function of the ratio of anode radius to cathode 
radius 

= a function of the ratio of grid radius to cathode 
radius; see Fig. 3 • 0 for the values of this function. 


For parallel-plane structures: 

2 34 X 10”^ 

K = — ^ per square inch of anode area (5*29) 

where Ig = cathode-to-grid distance in inches 

la = cathode-to-anode distance in inches. 


If Re > 4000, the flow is turbulent. For Re of 4000 or 
below, the flow may be turbulent if the surfaces over which 
the water flows are rough. 

For air-cooled external-anode tubes with radiators the 
practical limit on anode dissipation is controlled by several 
factors: 

1 . Maximum practical air velocity in centimeters per 
second. (At higher velocities noise is objectionable.) 

2. Softening point of the solder used for joining the radia- 
tor to the anode. 

3. Maximum safe temperature of the glass at the anode- 
envelope seal. 

There is a minimum safe air velocity, if air velocity is 
reduced as anode dissipation is reduced. The Reynolds num- 
ber applies to air velocity as well as to water velocity. 

Under modulation as shown in Fig. 5*29 the power dis- 
sipated in the grid is 579 watts, approximately. 

Figure 5*8 shows the heat radiated by various materials 
used in tube making. The effective radiating area of the 
grid necessary to limit primary emission from the grid can 
be approximated from the power-emissivity curve, rated 
cathode power, calculated grid dissipation, and thermionic 
emission of the material used. 

Peak anode current is predicted from the type of service 
and the power output required. For class B service the peak 
anode current is 3.141 times the average anode current at 
100 percent modulation. It is assumed that the grid inter- 
cepts the percentage of electrons determined by the ratio of 
grid cross section to total grid area. A positive grid voltage 
is assumed in precalculation, so the energy dissipated in the 
grid by electron bombardment is known for the most severe 
operating condition. The actual condition is often less 
severe. 


In radio-frequency class B service the same analysis applies 
to tube requirements. The grid is excited to point C with 
no modulation, and to point B for full modulation. Power 
output at point B must be four times that at point C for 
minimum distortion. 

The maximum practical limit on anode dissipation is 
approximately 2500 watts per square inch of anode area for 
water cooling. This limit is determined by the water pres- 
sure necessary to force the required quantity of water through 
the water jacket. For a given cross section of water wall 
there is also a minimum advisable anode dissipation, if 
water flow is reduced as anode dissipation is reduced. The 
minimum corresponds to the point at which water flow ceases 
to be turbulent. This point can be found by applying the 
formula 


Re = 


DpV 


(5*30) 


where D *= equivalent diameter of water-channel cross sec- 
tion in centimeters (it is equal to 4 A/p, where 
A is the area of water channel and p is the 
perimeter of water channel) 

17 viscosity of cooling fluid 

p « density of cooling fluid in grams per centimeter 
cube 

V * velocity in centimeters per second. 


Class C Operation 

Class C operation is synonymous with class C amplifier 
or oscillator service. The same basic analysis of operation 
applies to plate-modulated class C seiwice. In class C 
service anode current passes through the tube during less 
than 180 electrical degrees; thus, for a given power-output, 
peak anode current increases as the angle of operation de- 
creases. In Fig. 5*30 the constant-current characteristic 
curves of the WL-895 with a performance analysis of that 
tube are given for an assumed set of conditions. 

A-B is termed the operating line, and it represents 180 
electrical degrees. The remaining 180 degrees would be 
described if a (drcle were described with A as a center and 
A-/i as a radius. Figure 5*31 shows how grid- and anode- 
voltage vectors describe line A-B-C. 

In any a-c circuit, 

/^ = £7co8d (5*31) 

where E = rms volts 

/ = rms amperes 
P = power in watts 
cos 6 == power factor. 

When E and / are peak values, and 0 is assumed to equal 

El 
p = — 

2 


(5-32) 
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From Fig. 5*32 peak anode current is rated to effective- 
load current for any angle of operation which may be obtained 



ANODE VOLTS (KILOVOLTS) 

Fig. 5 -30 Constant-current chart of the WLr895 with a class C ampli- 
fier or oscillator opc^rating line shown. The operating line shown gives 



from equation 5*31, because the power desired and ei, may 
be assumed for the tube to be designed, et is 14.5 kilovolts 
for the conditions assumed in Fig. 5*30. 

From Fig. 5-32 the ratio of peak tube current to effective- 
load current is 2.4 for an operating angle of 65 degrees (half 
the total operating angle), as showm in Fig. 5*30. 

For the condition given, 

^ 105,800 X 2 

14,500 

* 14.6 amperes effective 


Since the ratio is 2.4 the peak-tube current is 14.6 X 2.4 
= 36.6 amperes, which coincides with point B in Fig. 5*30. 



mox(+) 


mox(-) 

Fiq. 5-31 Illustrating grid- and anode- voltage vector travel on a 
constant-current chart. 


For this operating condition the cathode must provide 
minimum electron emission of 36 amperes of anode current 
plus 7 amperes of grid current throughout tube life (see 



"o” CURRENT ANGLE (DEGREES) 


Fid. 5*32 Curves showing relation of peak-anode current to funda- 
mental and average anode current for pliotrons operating in class C. 
The lower curves show the variation of efficiency and power output 
versus tube-anode-voltago operating angle. 
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Section 6*1). The anode must be capable of dissipating 
138.8 — 105.8 or 33.0 kilowatts plus the cathode power plus 
grid losses of 1624 ~ 936 or 588 watts. 

In addition, the grid and its insulation must be capable 
of withstanding the total grid-voltage swing from +700 
volts to —2700 volts, and the anode must withstand a swing 
from +2500 volts to +31,500 volts. 

Figure 5 *30 shows that maximum negative grid voltage 
and maximum positive anode voltage occur simultaneously, 
so the total voltage between anode and grid can be 34,200 
volts. With some types of operation even this value may 
be exceeded. 

Plate-Modulated Class C Amplifier Service 

A constant-current chart of the type WL-895 with two 
operating lines is shown in Fig. 5-33. Line A-B shows 



Fig. 5-33 Constant-current chart of a WL-895 with a typical 
operating line fur 100 percent anode modulation. 


normal conditions for carrier condition, that is, with no 
anode-modulating voltages applied. Line A'B' is for 100 per- 
cent anode modulation. For 100 percent modulation, 
applied anode voltage varies from zero to twice the anode 
voltage applied for the carrier condition. 

For distortionless operation at maximum modulation the 
power output must be four times the power output under 
carrier conditions. The operating angle increases as modu- 
lation increases, so peak tube current required at maximum 
modulation is less than twice the peak anode current for 
carrier conditions. For design purposes a safety factor of 
two is often used. 

For the conditions assumed, the anode voltage swings 
from +5000 volts to +45,000 volts at modulation peaks, 
but grid-voltage swings do not increase correspondingly. 

The method of determining both peak and carrier power 
output is the same as for oscillator service. 


5-7 TUBE-APPLICATION PARAMETERS 

As a pliotron Ls sold, the tube designer specifies: 


1. Amplification factor (m) 

2. Transcoruiuctanc* (ffm) 

3. Anode resistance (rp) 

4. Anode dissipation (maximum) 

5. Grid dissipation (seldom given) 

6. Maximum anode vol1.age 

7. Maximum negative grid voltage 

8. Maximum radio-frequency grid 

voltage 

9. Maximum radio-frequency grid 

current 

10. Minimum water flow (if water- 

cooled) 

11. Minimum cubic feet of air per minute 

(if air-cooled) 

12. Frequency for maximum input 

(kilocycles or megacycles) 

13. Maximum input for classes B, C 

14. Miscellaneous items on tub(^ operation 


Units 

micromhos 

ohms 

watts 

watts 

volts 

volts 

volts 

ami^eres 

gallons per minute 


Of these, items 1, 2, and 3 are beyond the control of the 
user; therefore items 4 through 14 have been termed tube- 
application parameters. The tube designer has taken into 
account all items before the tube-rating chart is published. 


Anode Dissipation 

On water-cooled tubes, anode dissipation is easy to deter- 
mine. It can be measured by thermometers at both the 
inlet and outlet of the water jacket, plus a means of measur- 
ing the water flow. 

Anode dissipation = (^2 h)g X 0.264 

where <2 = outlet temperature in degrees centigrade 
i\ = inlet temperature in degrees centigrade 
g = gallons per minute. 

Anode dissipation varies with anode area, with amplifi- 
cation factor, and with type of service. 

In forced-air-cooled types the dissipation can be measured 
by plotting a curve of air-temperature rise through the radia- 
tor against watts dissipated when the tube is operated 
statically; that is, with a negative grid bias to control the 
anode current to different values to give different points on a 
curve. If 

ti = output air temperature with only the tube filament on 
t 2 = output air temperature with W anode watts 

then 

At = (<2 — <i) = temperature reading for each setting 

At gives the temperature for watts W, 

If room temperature changes during calibration, then the 
change in degrees must be added to or subtracted from At 
for correct results. Plotting At versus W for several values 
of W gives a calibration curve for that radiator. 

Once the calibration is made, the thermometer must be 
left in the same position. Temperature then can be observed 
with tube loaded, and anode dissipation can be determined 
from the calibration curve. Use of two or more thermom- 
eters (using average ^ 2 ) increases the accuracy of this meas- 
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urement. Mercury thennometers must not be used for these 
measurements, for the radio-frequency field may destroy them. 

For radiation-cooled tubes the same procedure can be 
followed. The thermometer (or thermometers) is placed at 
a given distance from the tube, and sufficient time is allowed 
for equilibrium temperature to be reached at each level of 
calibration. Tube and thermometer should be enclosed so 
that only normal air-convection currents pass by the tube 
and thermometers. 

Grid Dissipation 

Power that may be dissipated safely in the grid of a tube 
is not always published, because it is a measurement wliich 
cannot be made directly. 

Ratings given by the tube manufacturer are based on cal- 
culations from the tube’s characteristic curves and on per- 
formance measurements. If maximum radio-frequency grid 
amperes are specified, larger currents probably will cause 
overheating of the grid proper, connections to the grid, or 
both. Voltage in the grid circuit is 

Cc = ZJc (5-33) 

and Ze is the impedance of the grid circuit at that frequency; 
therefore any increase of ic increases Cc, which in turn may 
cause failure of the glass insulation between grid and anode 
or grid and filament. 

Grid bias is the product of RJc (Fig. 5-30); therefore 
increasing either Rc or le increases the bias. With an in- 
crease of bias, the excursions of €e about the bias axis must 
increase for proper tube operation, because Cc must make 
the same voltage excursion into the positive-grid region. 
Increasing either Re or le so that the bias is beyond the 
maximum rating is undesirable. 

If grid-excitation power is calculated from a constant- 
current chart modified so that all positive grid currents are 
assumed to be the same as they would be at that grid voltage 
on the diode line, then the power lost in the grid is approx- 
imately 

P,h = Pa - Pc (5-33a) 

where Pgh = watts lost as heat in the grid itself 
P.i = total excitation watts 
Pe == Rle^ watts lost in grid leak. 

Maximum Anode Voltage 

Maximum permissible anode voltage varies with the type 
of service for w’hich the tube is to be used. In classes A, B, 
or C, it is usually about the same. In class C anode-modu- 
lated service the carrier condition is always under that of 
classes A, B, and C. 

The limit on maximum plate voltage is the result of 
(1) flash arcs; (2) external glass-path length; (3) glass bom- 
bardment by electrons; and (4) practical limitations of power 
rectifiers, circuit components, required power, tube insta- 
bility, and emission of x-rays. 

Maximum ratings, as a rule, do not represent maximum 
capabilities. They more nearly represent the capabilities of 
the average tube of any given size and more nSirly represent 
conditions under which average tubes will give long, satis- 
factory service. 


Maximum Negative Grid Voltage 

The peak radio-frequency voltage between grid and 
cathode is the sum of the average grid bias plus the maximum 
positive voltage excursion of the grid. The maximum nega- 
tive excursion is this figure plus the negative grid bias. The 
insulation between grid and cathode, both internal and 
external, the amplification factor, and the shielding of the 
glass from stray electrons determines the maximum permis- 
sible negative grid voltage. 

If grid bias is increased, the angle of current decreases, 
and for a given power output the demand on cathode emis- 
sion increases. If this angle of flow is such that emission 
demand exceeds capabilities of the cathode, tube-voltage 
drop becomes excessive, thus increasing watts dissipated in 
the grid and anode. 

Maximum Radio-Frequency Grid Voltage 

The grid- voltage maximum is a function of permissible 
capacity currents (see eciuation 5-34) and the power losses 
in the glass envelope. A safe temi)erature for most glasses 
used is 180®C. Either the operating voltages must be con- 
trolled or a cooling medium used to limit temperature to 
this value or below. Although grid capacity currents vary 
directly udth frequency, grid lead losses vary directly as 
frequency squared (neglecting skin-effect variation with fre- 
quency). Effective voltage at the grid decreases with in- 
creased frequency; thus increased excitation voltages are 
necessary for good tube efficiency. 

Maximum Radio-Frequency Grid Current 

If this maximum is supplied by the tube manufacturer it 
cannot be safely exceeded, for the reasons given in the pre- 
ceding paragraph. 

Minimum Water Flow 

Minimum water-flow rates are established on the basis of 
calculations and measurements w'hich indirectly establish 
the velocity of water along the surface of the anode to pre- 
vent formation of steam bubbles. The quantity of water 
specified usually is a compromise between maximum water 
pressure available or desirable and the water velocity. Ade- 
quate cooling can be obtained at higher water velocities and 
lower volume, but only at the expense of higher pressure. 

Formation of mineral deposits sharply decreases the ability 
of the anode to dissipate energy. Water softeners help to 
prevent such deposits, and periodic removal of those that 
form is essential for trouble-free operation. Soft deposits 
can be removed safely with a stiff bristle brush, hard scale 
by the use of dilute hydrochloric acid. 

Minimum Air Flow 

The quantity of air required for forced-air-cooled tubes 
is specified for various types of service and often for various 
power levels. Because the tube radiator operates at high 
voltages, dust precipitation often partially blocks the air 
ducts. 

It is desirable to inspect the radiator periodically to make 
sure air passages are not obstructed. An air vane operating 
a control relay is desirable to guard against tube failure in 
the event of blower failure or air-passage obstruction. 
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C(mventumal Tube Design as RelcUed to Performance at High Frequencies 


Frequency for Maximum Input 

This limitation on the use of pliotrons is determined by 
(1) inductance of tube elements and leads; (2) electron 
transit time; and (3) capacitances between tube elements. 

Item 2 is usually negligible up to approximately 50 mega- 
cycles, and it varies in importance with class of service, tube 
amplification factor, and the circuit used. Class B service 
and grounded-grid amplifier operation minimize the effect 
of transit time. 

At radio frequencies interelectrode capacitances must be 
charged and discharged each cycle. Where 


filament voltage should be applied and removed gradually 
or in steps to keep the instantaneous filament current (on 
starting) below 150 percent of maximum rating. 

6. Do not subject the tube to sudden changes in 
temperature. 

6 8 CONVENTIONAL TUBE DESIGN AS RELATED TO 
PERFORMANCE AT HIGH FREQUENCIES 

Performance of a pliotron at high frequencies is controlled 
by: 


/ = frequency in cycles per second 
Cc = rms grid voltage 
c\, = rms anode voltage 
C'gp = gri(l-to-plate capacitance 
= grid-to-(!athodc capacitance 

for triodes the input charging current is 

/in = 27r/h(C,p + C,,) + (5-34) 

and the output charging current is 

/out - 27r/6Vb (5-35) 

for tetrodes: 

/in = 

/out = 27r/((7p«)^'6 

where Cg* = control-grid-to-screen-grid capacitance 
Cpt = plate-to-screcn-grid capacitance. 

These currents must be carried by the element leads. If 
the inductance of the grid and anode leads is Lg and La, 
then the voltages along the grid and anode leads are 

Eg = 2ir/Lg/in (5*30) 

E, = 27r/La/«ut (5-37) 

Eg and Ei, must be in excess of the voltages required in the 
tube by the external radio-frequency circuits. By inspec- 
tion, Cin, Coxiu Lg, and La must be as low as possible for good 
high-frequency performance. 

Maximum input ratings take into account: 

1. The range of the ratio of maximum filament electron 
emission to average d-c anode current from approximately 
3.14 for class B audio-frequency operation to approximately 
10 in class C anode-modulated service. 

2. Maximum anode dissipation. 

3. External glass lengths. 

4. Grid dissipation. 

5. Maximum peak anode voltages. 

Miscellaneous items for prolonging tube life: 

1. Stay within manufacturer's ratings. 

2. Operate pure- tungsten filaments as far under rated 
filament voltage as possible and yet maintain satisfactory 
operation. 

3. Keep all contacts clean and tight. 

4. Keep an ample supply of cooling medium flowing. 

5. Observe manufacturer's recommendations regarding 
application and removal of voltages. For large tubes, the 


1. Physical spacing of tube elements. 

2. Physical lengths of active elements. 

3. Inductance of tube elements. 

4. Capacitances between elements. 

5. Type of circuit in which the tube is used. 

0. (>lass of service in which the tube is operated. 

Performance of conventional tubes at high frequencies 
(if such performance is limited by electron transit time) is 
determined principally by the time required for electrons to 
move from the cathode to the grid plane. 

In a triode this time is 



where s = cathode-to-grid distance in centimeters 
Eg = control-grid voltage 
Eb = anode voltage 
ti = amplification factor. 


(5-38) 


For a tetrode equation 5-38 becomes 



where Egg = screen-grid voltage 

Meg = control-grid amplilication factor. 

Equation 5-39 neglects the effect of the anode voltage 
which, in tetrodes, usually is small. 

By inspection of equations 5-38 and 5*39, s must be as 
small as possible for minimum electron-transit time between 
cathode and grid. At high frequencies tubes usually are 
used in circuits having distributed constants. If the tulxjs 
have active elements wavelength or longer, the varia- 
tions of radio-freciuency voltage along the tube elements 
decrease over-all tube efficiency. 

In the lighthouse tube the active tube elements are placed 
at the ends of distributed-constant circuits, and small spac- 
ings are used (usually 0.003 inch or less from cathode to 
control grid) to minimize the effects of limits 1 and 2. Disk 
electrode supports are used to minimize limit number 3. 

Capacitances existing in the tube must be charged and 
discharged through the leads, so the inductances of such 
leads must be low to avoid loss of radio-frequency voltage 
at the tube clement. Conversely, interelectrode capaci- 
tances must be as low as possible to minimize charging cur- 
rents required for proper tube performance. 
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In a class A radiofrequency amplifier the control grid 
does not operate at a positi^'e potential, therefore electron- 
transit time is greater than for either class B or class C 
service (see Fig. 5-17). 

In a class B amplifier the grid goes positive earlier in the 
cycle than in any other service, and there is more time for 
electrons to be accelerated to the grid; consequently, tubes 
operated in this type of ser\ ice operate better at high fre- 
quencies. 

In class C amplifier service the grid is positive for less than 
180 electrical degrees, so there is less time for electrons to be 
accelerated to the grid. Class C operation therefore is usu- 
ally not so efficient as class B for high frequencies. 

For either class B or class C service, operating the tulx) 
as a grounded-grid amplifier at high frequency may be desir- 
able. Cathode-to-grid electron-transit time then is no 
longer of paramount importance, for anode voltage may lag 
grid voltage by the phase angle determined by cathode-to- 
grid transit time without appreciably affecting tube effi- 
ciency. This applies also to tetrodes, except that transit 
time between cathode and screen grid determines ancxie 
voltage lag. Figure 5*17 shows performance of several 
types of tubes for different classes of operation versus 
frequency. 

6-9 THE KLYSTRON AND ITS RESONANT 
CAVITY 

In Section 5*8 it was shown that electron-transit time 
limits the performance of conventional vacuum tubes at 
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inner walls of the box provide a comparatively large area 
for conducting current. 

All mathematical analyses of cavity resonators are based 
on the solution of MaxwelFs equations, subject to the bound- 
ary conditions that the tangential component of the elec- 
trical field and the normal component of the magnetic field 
vanish at the conducting walls, if as a first approximation 
the conductors are assumed to cause no losses. Because of 
the boundary conditions only certain discrete frequencies 
exist. These frequencies are determined by the size and shape 
of the enclosing surface. 

A resonant cavity may be considered a logical evolution 
of lumped L-C circuits. A parallel resonant circuit is shown 
in Fig. 5*34 (a). If this circuit is used at high frequencies, 
C and L must be reduced. C can be reduced by moving the 
capacitor plates farther apart and decreasing their area. 
Inductance can be reduced to a single strap connected 
directly to the capacitor plates, as in Fig. 5-34 (6). Induct- 
ance can be decreased still more by placing four loops in 
parallel, as in Fig. 5*34 (c). Eventually this procedure pro- 
duces the closed cavity shown in Fig. 5*34 (d). 

Of course the extension of lumped-circuit theory to cavity 
resonators does not give a rigorous solution. The problem 
must be treated in terms of electromagnet ics waves traveling 
in the cavity and being reflected from the walls. A standing- 
wave pattern is set up, with voltage nodes at the walls. The 
wavelength might be expected to have about the same 
dimensions as the cavity. 

An extension of this reasoning and a more exact mathe- 
matical analysis gives 
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Fio. 5*34 Evolution of a resonant cavity from resonant circuit with 
lumped elements. (Reprinted with permission from Fields and Waves 
in Modem Radio, by Simon Ramo and John R. Whinnery, published 
by John Wiley, 1944.) 


high frequencies. The rest of the chapter discusses tubes 
such as the klystron and the magnetron, in which this diffi- 
culty is overcome. Ordinary lumped circuit elements are 
not suitable as resonant circuits at extremely high fre- 
quencies, so these tubes use resonant cavities. 

A conventional circuit with dimensions comparable to 
the wavelength at which it operates may lose too much 
energy by radiation; the resistance of wire circuits may 
become too high because of skin effect. These limitations 
immediately suggest that the circuit region be shielded and 
that current paths have as large an area as possible. The 
result is a hollow conducting box known as a cavity resona- 
tor with the electromagnetic energy confined inside. The 


and 

+ (s) + (0 

for a rectangular cavity having dimensions a, 6, and c, where 
/, m, n = 0, 1,2, 3, and so on, but not more than one may 
equal zero. Also, I, m, and n are the number of half-wave 
variations of field along the x-, y-, and 2 -axes respectively. 
Each combination of I, m, and n produces resonance; hence 
an infinite number of oscillatory modes is possible. Two 
general classes of modes exist. Modes having components 
of electrical field in the direction of propagation but no 
components of magnetic field in the direction of propagation 
are known as E modes. Such modes do have components 
of magnetic field normal to the direction of propagation and, 
therefore, are known as transverse magnetic or TM modes. 
Modes which have components of magnetic field in the 
direction of propagation but no components of electric field 
in this direction are called H modes. These modes have 
components of electric field normal to the direction of 
propagation and are known as transverse electric or TE 
modes. 

The longest resonant wavelength for a cube is that asso- 
cia^ with the TEioi mode. This wavelength can be deter- 


(5. 40) 

(5-41) 
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mined from equation 5-41 by putting Z = n = 1, w = 0, 
and a ^ b ^ c. Then 

X = a\/2 (5-42) 

where a is the length of the cube. This shows that the longest 
wavelength is of about the same magnitude as the dimen- 
sions of the resonator. 

Figure 5-35 shows the E lines in the xy plane for three 
transverse electric modes in a rectangular cavity. The 
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Fia. 5-35 Configurations of the electric field for trarusverse electric 

modes. 


densities of the lines indicate the intensities of the fields. 
Figure 5*36 shows the H lines in the xy plane for two trans- 
verse magnetic modes. 
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Fia, 5*36 Configurations of the magnetic; field for transverse.; magnetic 

modes. 


The Q or selectivity of any resonator can be defined as 

^ energy stored 

energy lost per half cycle 


One of the simplest resonators of this type is shown in 
Fig. 6-37. It consists of a short length of coaxial line short- 
circuited at one end and terminated at the other end by a 
short gap between two plates. If the gap 
is short compared to a wavelength it be- 
haves like a lumped capacitance loading 
a length of transmission line. The equiva- 
lent circuit is shown in Fig. 5*38. For 
, resonance the inductive reactance of the 



Fig. 5-37 Coaxial 1 ^ I 

line resonator ter- ^ ^ 

minated by a short Fia. 5-38 Equivalent circuit for 

gap. Fig. 5 *37. 


short-circuited length of transmission line must be equal in 
magnitude to the capacitive reactance of Cq. This gives 

ZoiSinfil = ~ (5-45) 

wCo 

where Zo is the characteristic impedance of the transmission 
line and = 27r/X. Equation 5*45 is only approximate. 
For a (ioaxial line made of non-magnetic conductors with air 
or vacuum as a dielectric, 

Zo = 60 log* ohms (5-46) 


where ro and r* are the radii of the outer and inner conduc- 
tors, respectively. 


Because the walls of the cavity arc not perfect conductors, 
the fields penetrate the inner surface slightly. This is known 
as skin effect. Consider that all the electromagnetic energj^ 
stored in the skin is lost as heat and is proportional to the 
volume penetrated, which for a cube is 0a^6, where a is the 
length of a side of the cube and 5 is the skin depth. Assum- 
ing that the energy stored is proportional to the volume of 
space in the enclosure, which obviously is a^. 


Actually, for a cube 


TT a 




(5 43) 


or, substituting for a from equation 5*42, Q of a cube for the 
mode of longest wavelength is 



Therefore, Q for a copper-cube resonator designed for X = 10 
centimeters is 18,800. This shows that cavity resonators 
have high values of Q. 

In one type of resonator the region of maximum electric 
field appears across a short gap. This type of resonator can 
be used across two closely spaced grids of some high- 
frequency tubes. 


6-10 GENERAL DESIGN OF KLYSTRON “ 

The general design of a double-cavity klystron is shown 
in Fig. 5*39. It consists e.ssentially of an electron gun, two 
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Fig. 5 -39 Double-cavity klystron. 


cavity resonators joined by a metal tube, and a collector 
electrode. The first cavity resonator is called the buncher, 
the second the catcher. The metal tube between resonators 
is the drift space. Resonators are tuned by varying their 
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grid spacings by means of the flexible diaphragms. The two 
cavity resonators and the drift space are all at the same 
unidirectional potential, which usually is at ground. The 
cathode is at negative potential, and the collector usually is 
slightly positive. 

Coupling to the resonators is through small wire loops 
connected to the coaxial terminals. The loops are placed so 
that a portion of the magnetic field surrounding the axis of 
the resonators passes through them. 

611 VELOCITY MODULATION “ “ 

To illustrate velocity modulation, Fig. 5*39 is stripped to 
its essentials as shown in Fig. 5-40. Electrons from the 
cathode enter the buncher with a velocity vq produced by 
the unidirectional voltage Eq- Assume an alternating volt- 
age El sin uti across the buncher grids. Assume also an 
alternating voltage E 2 cos (wf 2 — ot) across the catcher grids. 


as the electric field in it is in that phase which retards the 
motion of the electrons. 

To deliver maximum power to the catcher, the following 
conditions must be satisfled: 

1. The catcher must be placed where the electrons are in 
bunches of the best form; that is, the distance s in Fig. 5*40 
must be properly chosen. 

2. The catcher must oscillate in the correct phase. 

3. Strength of the field in the catcher must be such as to 
reduce the velocity of the electrons in the center of the bunch 
to zero. 

4. Distance d in Fig. 6*40 (distance between grids at the 
ends of the resonators) should be less than the distance 
traveled by an electron in one-half cycle. In other words, 
the proper relation is d < v/2f = Xi;/2c, where v = velocity 
of the electron, / = frequency, X = wavelength of the 
oscillations, and c = velocity of light. 



Fig. 5-40 Schematic diagram of klystron. (Reprinted with permis- 
sion from David L. Webster, ‘‘Cathode Ray Bunching,” J. App. Phys.^ 

Vol. 10, p. 510.) 


An electron passing the center of the buncher at the moment 
the electric field changes from opposing to aiding the for- 
ward motion of the electrons leaves the buncher with its 
speed unchanged. Another electron passing the center of 
the buncher a little earlier is decelerated, and an electron 
passing a little later is accelerated. This is called velocity 
modulation or variation. 


6- 12 CONDITIONS FOR MAXIMUM POWER 
CONVERSION » “ 

Velocity modulation is useless by itself for no output has 
been obtained. To get an output signal the velocity-modu- 
lated beam must be converted into an intensity-modulated 
beam. One way of doing this is by means of the drift space. 
While the electrons are making the relatively long flight in 
the field-free space of length s between buncher and catcher, 
the differences in speed cause electrons ahead and behind 
the one of unchanged speed to draw nearer to it. In other 
words, the electrons are bunched. 

These bunches pass any fixed point with a frequency equal 
to that of the oscillations in the buncher so they can deliver 
power to the catcher as they pass through it and catise it to 
oscillate, provided the losses in the catcher are not too great. 
The wave form of the current in the bunchas is not sinusoidal; 
therefore the catcher can oscillate at the same frequency as 
the buncher or at some multiple of it, depending upon the 
resonant frequency of the catcher. So that the bunches of 
electrons can deliver power to the catcher they must enter it 


6- 13 MATHEMATICAL TREATMENT OF BUNCH- 
ING 

The following treatment is only an approximation, for it 
is assumed that no debunching is caused by space charge, 
and that all electrons leave the cathode with zero velocity 
and move parallel to the axis of the structure. The grids of 
the buncher are assumed to define true equipotential planes, 
and no electrons are assumed to be lost from the beam by 
collision with grids or cavity walls. 

In Fig. 5 *40 consider an electron passing the center of the 
buncher at time ti and arriving at the center of the catcher 
at some later time The velocity of this electron after it 
leaves the buncher and enters the drift space is 

V = t;o + Vi sin o)ti (6-47) 

Therefore 


<2 = H ; : “ (5*48) 

Vq + sm a)ti 

or 

8 / Vi . 

(^"1 

Vo \ Vo / 

or approximately 

^2 = H o "^1 (5*50) 

Vo Vq^ 


since Vi is small. Differentiating equation 5*50 with respect 
to ti gives 

dl2 CViCJ 

as 1 — — COS Cjtl (5 • 51) 

dti Vo 


Let to, t'l, and 1*2 be the currents leaving the cathode, at 
the middle of the buncher, and the middle of the catcher, 
respectively. Now ii is virtually equal to to. Also the law 
of conservation of charge requires that 


Hence 


dt\ = ^ 2 (^ 2 ) ^^2 


t2(<2) 


fi(fi) 

dl2 

dii 


h 

dt2 


(5-52) 

(6-63) 



Chapter 5 


The Klystron as an OsciUaUyr 


85 


Equations 5-51 and 5 -63 give 


i%ih) 


which becomes 


1 


*0 


8Vib> 

COS utt 

t'O* 


12(12) 



SVi<0 

H — cos (i)ti 


) 


(6-54) 


(5-55) 


if svia)/vo^ ^ 1. The right-hand side of equation 5*55 is a 
sinusoidal function. 

If 8Vicj/vo^ = 1, from equation 5*54, current in the 
catcher is infinite once per cycle. When sviw/vq^ > 1, 
equation 5*64 appears to give a negative value for the cur- 
rent 12 over part of each cycle. However, a negative current 
could not exist. Equation 6*51 explains the discrepancy, 
for 6X2/ dl\ also can be negative over part of each cycle for 
> 1. This merely means that fast electrons over- 
take slower ones which preceded them. Therefore, equa- 
tion 5*54 can be used to calculate the magnitude of the 
current, which is infinite twice per cycle if svico/vq^ > 1. 


6-14 PHASE SHIFT IN THE KLYSTRON ” 

One type of phase shift is caused by time delay. A signal 
applied to the buncher affects the catcher only when the 
electrons controlled by the signal at the buncher reach the 
catcher. This time delay usually is long compared to a cycle. 
In calculating the time required for the electron to travel the 
distance 8 from buncher to catcher, the alternating voltage 
across the buncher grids can be ignored, and only the uni- 
directional voltage Eo in Fig. 5-40 need be considered. 
Velocity of electrons in the drift space is 

Vq — Q X 10^\/Ao centimeter per second (5*56) 

where Eo i^ in practical volts. 

The time required to cross the drift space is 

5 8 X 

T = ~ second (5*57) 

Vo (SVEq 

This can be converted to a phase angle 6 by the equation 


6-16 THE KLYSTRON AS AN AMPLIFIER AND FRE- 
QUENCY MULTIPLIER w 

The klystron serves as a power amplifier if power is fed 
into the buncher through its coaxial terminal. Amplified 
power can be utilized through the coaxial terminal connected 
to the catcher. Maximum theoretical electronic conversion 
efficiency of the klystron is 58 percent. Actually this is 
reduced, usually to less than 5 percent, because of electrons 
which leave the beam and strike the grids or resonator walls, 
debunching caused by space charge, and radio-frequency 
losses in the walls of the resonator. 

If the degree of velocity modulation is increased by in- 
creasing buncher voltage or drift space, the intensity modu- 
lation in the catcher becomes less sinusoidal, and this devia- 
tion makes it possible for the klystron to serve as a frequency 
multiplier. With the klystron so used, the catcher is tuned 
to some harmonic of the buncher frequency. 

6-16 THE KLYSTRON AS AN OSCILLATOR * 2 . ss. 55 . 57 . 6» 

The klystron serves as an oscillator if power is fed back 
from the catcher to the buncher through a length of coaxial 
cable connected between the coaxial terminals coupled to 
the buncher and catcher. 

In any oscillator the total phase shift around the loop 
must be 27m, where n may be any integer including zero. In 
most oscillators, phase shift is independent of applied volt- 
age, but in the klystron the phase shift does depend upon 
the applied voltage. Hence only certain ranges of applied 
voltages produce oscillations. 

The phase shift in the klystron is given by 



where B is defined in equation 6*59 and ir/2 is the phase 
difference in radians between buncher and catcher voltage 
which may be either plus or minus, since buncher voltage 
may lead or lag catcher voltage. The actual value of this 
phase difference varies with the length of the feedback cable, 
the coiipling loops, the resonators, the loading, and the 
frequency. 

Equation 5*60 may be written 


or 


e = 


(5-58) 


u)s X 10 

eVK 


-7 


radian 


(5*59) 


For a typical klystron, s = 3 centimeters and / == 3 X 10^ 
cycles per second. Therefore, if Eq = 900 volts, T becomes 
1.67 X lO""® second, and $ becomes IOt radians or 5 cycles. 

A bunch or current peak is formed around the electron 
which passed through the buncher at the time of zero voltage 
in the buncher. However, the current peak should pass 
through the catcher at the instant the voltage in the catcher 
is maximum; therefore, there should be a phase difference 
of 90 degrees between the buncher and catcher in addition 
to that caused by transit time. 



From equation 6*58, 


0 

— ^fT^N 

27r 


(561) 


(5-62) 


where N is the number of cycles during the transit from 
buncher to catcher. Equations 5-61 and 5*62 give 

N ^ n dc \ (5*63) 


Equation 5*61 may be written 


f8 X 10“^ 1 


(5-64) 
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This shows that oscillation occurs only for those values of 
Eo determinetl by equation 5-64 for integral values of n. 
Actually oscillation occurs over a small range of voltage on 
each side of Eo. Over this range the frequency varies accord- 
ing to equation 5- 64; hence, frequency can be varied by 
changing Eq. In other words, electrical tuning is possible. 



Fig. 5*41 Modes of oscillation of klystron. (Reprinted with per- 
mission from Hyper and Ultra High Frequency Engineering ^ by Roliert I. 
Sarbacher and W. A. Edson, published by John Wiley, 1943.) 

If the allowed values of the left-hand side of equation 5-()4 
are plotted against n the result is a straight line, as shown 
in Fig. 5*41. Two lines may be produced, because oscilla- 
tion may occur at two different frequencies for any value 
of n. 

Equation 5*64 indicates that the larger voltages are asvso- 
ciated with the smaller values of n. Usually it is impossible 
to make the voltage large enough to operate at n « 1, 

«.17 REFLEX KLYSTRON “ w 

The reflex klystron shown in Fig. 5 • 42 has only one reso- 
nant cavity, which serves as both buncher and catcher. The 
•electron beam leaving the cathode is velocity-modulated on 



passing through the cavity. After leaving the resonant 
cavity the electrons move toward the reflector but are even- 
tually turned back to the cavity resonator aa the reflector 
is held at a negative potential. The path from the resonator 
toward the reflector and back again constitutes the drift 
space in which the electron beam becomes intensity-modu- 
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lated. If voltages are properly adjusted, the bunched elec- 
trons return to the cavity resonator in the correct phase to 
deliver energy to the resonator, and the klystron oscillates. 

As low-power local oscillators in superheterodyne receivers, 
reflex klystrons have a decided advantage over double-cavity 
klystrons, because varying the frequency of two high-Q 
resonators at exactly the same rate is difficult. 

If reflector voltage in a reflex klystron is fixed, a series of 
accelerator voltages will produce os(jillations as in a double- 
resonator klystron. Also several modes occur if accelerator 
voltage is fixed and reflector voltage is varied. Varying 
reflector voltage corresponds to changing the length of drift 
space. A change in frequency caused by a change in accel- 
erator voltage can be compensated by a change in reflector 
voltage. 

In a double-cavity klystron the slower electrons require 
a longer time to reach the catcher; therefore, electrons that 
pass through the buncher as the field is changing from decel- 
eration to acceleration form the center of the bunch. In the 
reflex klystron the faster electrons travel farther and require 
a longer time to return to the rasonator. Hence, the bunch 
is formed around the electrons that pa.ss through the 
bunching stage as the field changes from acceleration to 
deceleration. 

The electron bunch in the reflex klystron must pass through 
the cavity on returning from the reflector; at this time the 
electric field will decelerate the returning electrons or accel- 
erate the electron beam going in the forward direction. Now 
the electron that forms the center of the bunch leaves the 
cavity as the electric field changes from acceleration to 
deceleration. Hence the equivalent of equation 5 *03 for 
the reflex klystron is 

AT = n - i (5-65) 

In contrast to the double-cavity klystron, for any given 
value of n, oscillations occur at only one voltage. 

6*18 SECONDARY-EMISSION REFLEX KLYSTRON 

The reflex klystron oscillator in the 3000-megacycle region 
has an efficiency of about 1 percent and gives a power output 
of a few hundred milliwatts. Double-cavity klystrons arc 
more efficient and give more power output, but are difficult 
to tune. Therefore, the reflex klystron is suitable only as 
a local oscillator, and the more efficient double-cavity tube 
has the disadvantage of being difficult to tune. 

The reflex klystron is inefficient because of radio-frequency 
losses in the walls of the resonator, debunching of the elec- 
tron beam, and interception of the beam by resonator w*alls 
and grids during both the forward and return path. De- 
bunching is increased by an increase in beam-current density 
and drift distance. Since an electron beam of high current 
density is more divergent, an increase in current density also 
causes more interception. Therefore, it is difficult to in- 
crease power output of a reflex klystron beyond a certain 
point by simply increasing electron beam current. Further- 
more, electronic emission of the thermionic cathode is limited. 

/Some reflex klystrons have reflector electrodes which con- 
tain good secondary emitters. In operating these tubes a 
positive voltage instead of the usual negative voltage is 
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applied to the reflector. When a bunched electronic current 
strikes the secondary emitter a much greater bunched elec- 
tronic current is emitted, returns to the resonator, and 
delivers a correspondingly greater amount of power to it. 
The secondary emitter in effect becomes a cathode which 
delivers large bunched currents to the resonator. Ineffi- 
ciencies caused by dcbunching and divergence of the elec- 
tronic beam from the secondary emitter arc relatively low 
because the drift distance from the secondary emitter to the 
resonator is short. Some tubes of this type have efficiencies 
as high as 5 percent and power outputs up to 20 watts. 


cavities,®^ depending upon the wavelength. For physical 
and electrical reasons the multicavity magnetron is espe- 
cially suitable for centimeter and lower decimeter wave- 
lengths. The classical multisegment or split-anode mag- 
netron with associated resonant lines or lumped resonant 
circuits is more appropriate for the upper decimeter and 
meter wavelengths. An example of a multicavity magne- 
tron appropriate for the centimeter and lower decimeter 
wavelength region is illustrated by Fig. 6-43. This example 
illustrates a development of the classical split-anode mag- 
netron utilizing cavities in which mutual coupling between 


6-19 THE MAGNETRON OSCILLATOR 

The multisegment magnetron oscillator is discussed 
qualitatively in the light of modern knowledge. The present 
discussion deals exclusively with the traveling wave or 
rotating a-c field type of operation in multisegmcnt mag- 
netrons to which the classical literature refers as the ‘ 'transit- 
time oscillation of higher (than the first) order’’ or "tyi^e 
B.'* The reader may consult the classical literature (col- 
lected by Gross and Harvey for the remaining recognized 
types of oscillations, of which at least two are still acknowl- 
edged in split-anode or multisegment magnetrons. These 
remaining types are characterized, for instance, by the rela- 
tive magnitude of the electron-transit time to the period of 
oscillations. The type in which the transit time is relatively 
negligible is labeled quasi-stationary, Ilabann, negative re- 
sistance, or dynatron type. The other type in whi(?h transit 
time is of paramount importance is labeled transit-time oscil- 
lation of the first order, type A, or electronic type. Although 
the overwhelming suiDeriority of the split-anode or multi- 
segmcnt magnetrons compared with the non-split variety of 
Hull is su(;h that negligible application is afforded the latter, 
nevertheless a substantial amount of theoretical investigation 
was done during the War on the non-split type by Brillouin 
in an effort to explore rigorously characteristics common to 
the multisegment magnetron. 

Although valuable experimental data exist in the classical 
literature, the theoretical portion thereof is often inadequate 
or invalid, for the simple reason that the associated simplify- 
ing assumptions seriously limited the utility of the theoretical 
structure which was postulated to account for the mechanism 
of oscillation in magnetrons. Some obvious defects in the 
classical theories are the neglect of space charge and inade- 
quate electron-trajectory determinations, although some 
valid theoretical concepts may be deduced without the 
inclusion of space charge, for example the Hull cut-off criteria. 

Structurally, cylindrical magnetrons are subdivided into 
single-anode and multisegmcnt-anode types, each with a 
coaxial filament or a coaxial, unipotential, thermal or cold 
cathode, and an associated resonator system appropriate to 
the wavelength range. The region between the coaxial sur- 
faces of the inner member (the cathode) and the outer mem- 
ber (the anode) is called the interaction space. The inter- 
action space of the magnetron is permeated by a longitudinal, 
homogeneous, static magnetic field; a radial static electric 
field between cathode and anode; and oscillating electro- 
magnetic fields. The resonator system, associated with the 
^segments, is comprised of either lumped circuits,®* lines,®* or 
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Fia. 5-43 Multicavity magnetron with pi-mode electromagnetic field 

distribution. 


them is provided by the flux in the interaction space and the 
end chambers (the two termination regions) usually, though 
not always, provided at the ends of the cavities. By cou- 
pling the load to any one of the mutually coupled cavities 
a portion of the generated a-c energy can be extracted by 
means of a coupling loop as shown, or a resonant window can 
be used. By the latter arrangement efficient and convenient 
coupling can be made to a wave guide for very high power 
applications. The orientation and position of the coupling 
loop or resonant window may be readily derived by appli- 
cation of simple electromagnetic theory. 

Usually the resonant system of the multicavity magnetron 
is comprised of either identical resonators or alternately 
identical resonators. The former is a symmetrical system 
such as illustrated by Fig. 5-43, whereas the latter is an 
asymmetrical system generally referred to as the “Rising 
Sun” anode on which only a relatively brief comment will 
be made. The asymmetrical system can be visualized with 
the aid of Fig. 5-43 by reducing the radial depth of alternate 
cavities by a constant factor so that two sets of symmetrical 
resonators constitute the anode. For efficient operation sym- 
metrical magnetrons generally utilize anode straps,®^ whereas 
the asymmetrical magnetron inherently achieves the desired 
result without them. Of course, if the number of resonators 
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or segments is sufiiciently small, for example in the two or 
even four split-anode magnetron,®* then efficient operation 
is achieved without them. One purpose of the asymmetrical 
system and the anode straps of the symmetrical system is 
to achieve adequate mode separation between the desired 
mode and its neighbors. An alternative to strapping of 
symmetrical magnetrons is to use certain higher modes; the 
results, however, are not favorable, especially with large 
number of resonators. Besides adequate mode separation 
it is essential to have efficient coupling between the elec- 
trons in the interaction space and the oscillating electro- 
magnetic field. 

The allowed modes of oscillation of the symmetrical 
cylindrical multicavity magnetron are grouped on a wave- 
length scale similar to band spectra. The group possessing 
the longest band wavelength is the one in general applica- 
tion for reasons shown later. This group is known as the 
fundamental multiplet and is characterized by variations of 
the oscillating electromagnetic field in the plane normal to 
the axis of the magnetron, for which edge effects are neglected. 
The modes are characterized by phase differences between 
alternating potentials on successive segments. Other groups 
have shorter band wavelengths, and their oscillating electro- 
magnetic fields vary longitudinally as well as in the plane 
normal to the axis of the magnetron. Each component of 
the fundamental multiplet has a different wavelength, 
although the differences are relatively small and depend 
upon the effe(;tive inductance and capacity of the resonator 
and the number of coupled resonators. Relative intensities 
of the components in the fundamental multiplet are gov- 
erned mainly by the coupling between the resonators and 
the electronic system via the interaction space. Other 
characteristics are the phase differences between segments 
and the conditions for sustenance of oscillations in the 
particular mode. All except one of the resonant modes in 
the fundamental multiplet, for which the number of com- 
ponent resonators, iV, of the magnetron is even, are doubly 
degenerate when the resonant .system is symmetrical and 
free of perturbation, whereas all the resonant modes in the 
fundamental group, for which N is odd, are doubly degen- 
erate when the resonant system is symmetrical and free of 
perturbation. The term doubly degenerate mode refers to the 
number of linearly independent modes associated with the 
degenerate frequency, which in turn is defined as having 
more than one mode of oscillation but only one frequency. 
Such a mode is characterized by two identical opposite 
traveling waves around the anode. For a symmetrical 
multicavity magnetron with an even number of resonators 
there are, in the fundamental multiplet, iV — 1 resonant 
modes though only n = 1, 2, 3, • • • N/2 separate wave- 
lengths, whereas for a 83 rmmetrical magnetron with odd N 
there are, in the fundamental multiplet, iV — 1 resonant 
modes though only n = 1, 2, • • • (AT — l)/2 separate wave- 
lengths. The non-degenerate mode is referred to as the 
n = N/2 or pi-mode. 

Besides this non-degenerate mode of the symmetrical 
magnetron there is another which can be associated with the 
fundamental multiplet. This mode is referrecTto as the 
n » 0 or zero mode. The corresponding electromagnetic 
fields in the interaction space associated with these two 


modes is of the stationary type, though the zero-mode field 
is independent of the angular co-ordinate, whereas the 
pi-mode field is periodic in this respect. Although the zero 
mode has the desirable property of adequate mode separa- 
tion from the adjacent modes, it possesses no obvious prac- 
tical utility for the space-charge field docs not interact 
favorably with it. Furthermore, the zero-mode field in the 
interaction space does not decrease from the anode toward 
the cathode as fast as the other modes of the fundamental 
multiplet. As a con.sequence, the desirable pi-mode field, 
which interacts satisfactorily with the space-charge field, 
may be interfered with by the zero mode under certain 
conditions so as to decrease the pi-mode conversion effi- 
ciency. Fortunately, the degree of zero-mode interference 
is usually nil in symmetrical magnetrons, especially if the 
cathode is sufficiently large with respect to the anode. The 
influence of the cathexie diameter enters in another fashion, 
for as the number of segments increa.ses the size of the cathode 
should increase also for efficient operation. The zero-mode 
interference in asymmetrical magnetrons is more serious 
than in symmetrical magnetrons, especially if the resonator 
asymmetry is large, or if the cathode is small with respect 
to the anode, or if both of these conditions exist. The degree 
of a.symmetry denotes the degree of dissimilarity between 
any two adjacent resonators of the asymmetrical magnetron, 
for example, the ratio of the radial depth of two adjacent 
parallel-plane .slot-type cavities. The .surmounting of these 
difficulties has resulted in noteworthy performance of asym- 
metrical magnetrons, especially for relatively large numbers 
of cavities or rasonators for which an unstrapped .symmetrical 
magnetron would posses.s poor efficiency because of the 
inadequate mode separation between the desired pi-mode 
and its neighbors. In applications for which anode straps 
are undesirable and a relatively large power output is de- 
sired, the asymmetrical magnetron is particularly adapted 
since efficient single-mode operation with a much longer 
anode and greater number of .segments, that is, a large 
cathode, is possible than with a strapped symmetrical mag- 
netron. It may be of interest to state briefly that the asym- 
metrical magnetron may be considered a composite of two 
sets of .symmetrical resonators whose combined mode spectra 
comprise two groups of modes well separated from the 
pi-mode. The degree of i.solation of the pi-mode from its 
neighboring modes is not quite so large as that obtainable 
with heavily strapped symmetrical magnetrons. However, 
this is not a significant di.sadvantage in view of the attractive 
properties pointed out previously, except perhaps for some 
very wide band tuning applications. The two groups of 
modes corresponding to the large and small resonator systems 
combine in and out of phase by pi-radians to form the 
complete spectrum of the asymmetrical magnetron. 
For example, consider an a.s 3 rmmetrical magnetron hav- 
ing a total number of resonators A', which is even; then 
the modes of the complete system as before are denoted 
by n « 0, 1, 2, • • • N/2 or pi-mode. These are estab- 
lished by the in and out of phase relations between the 
corresponding components of the two groups of modes, 
ni[a-*0, 1, 2, • • • (A — 2)/4] and n 2 [« 0, 1, 2, • • • (A — 2)/4. 
modes. That is, the zero and pi-modes of the complete 
system are formed by the in phase and out of phase (by 
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pi-radians) combination of the corresponding components, 
ni, n 2 , respectively. For the pi-mode all the identical large 
cavities are mutually in phase though out of phase with the 
identical small cavities. The mode separation properties 
of the asymmetrical magnetron may be realized from a con- 
sideration of a two-coupled cavity system which possesses 
two mode frequencies corresponding to resonators in and 
out of phase by pi-radians. 

The higher mode numbers in the fundamental multiplet of 
the symmetrical multicavity magnetron are ideally found at 
shorter wavelengths. The n = N/2 or pi-mode of the funda- 
mental multiplet is characterized by non-degenerate prop- 
erties and highest conversion efficiency. It possesses a pi- 
phase difference of the alternating potential wave l)etween 
adjacent segments, and the amplitude of the potential oscil- 
lations on all segments is the same for negligible zero-mode 
contamination, which is usual for a symmetric-resonator 
magnetron. A concept of n more general than the phase 
difference between adjacent segments is that it represents 
the number of times the rotating electromagnetic field or 
wave repeats around the anode. Perturbation or lack of 
symmetry in a symmetric-magnetron promotes non-degen- 
eracy in the normal degenerate components of the N — 1 
modes; that is, each h^is discrete wavelengths. A marked 
perturbation (different from that for variations in the radial 
extent of the interaction spac'o) is observed in the mode 
distribution of the fundamental group, for practical end 
cavities and anode lengths. The order of the modes in the 
fundamental multiplet may be reversed or may even possess 
approximately a common wavelength if either the relative 
(with respect to wavelength) end cavity length or, for a 
sufficiently large end cavity, the relative anode length is 
inadequate. 

6-20 STATIC CHARACTERISTICS OF THE 
MAGNETRON 

Theoretically, for the static case of a magnetron with 
axial magnetic field H, there should be no anode current I 
for an anode voltage V less than the Hull cut-off value Fc- 
Actually, at cut-off the anode current abruptly rises to a 
definite value for a given magnetic field, as illustrated by 
Fig. 5-44. The values of these anode currents at cut-off 
can be defined by an envelope, whi(;h is less than that pre- 
scribed by Langmuir for space-charge-limited emission 
and no magnetic field. This envelope of currents at cut-off, 
known as the Allis curve, has been derived for the non- 
oscillatory case with space charge. As anode voltage in- 
creases above cut-off, anode current increases along the 
dashed line, the character of which is not yet well defined. 
Anode current for a given magnetic field continues to in- 
crease above cut-off with increase in anode voltage along 
the dashed line until at a sufficiently high voltage it blends 
with the Langmuir curve. 

According to Langmuir's relation, which applies for no 
magnetic field, a definite anode voltage establishes a definite 
anode current. The rate of change of anode voltage, as a 
function of increasing magnetic field, is slow initially, then 
more rapid until the Allis curve is reached, beyond which 
the rate of change of anode voltage with magnetic field fol- 


lows Hull's cut-off parabola independent of anode current, 
as illustrated by Fig. 6*46. The current contours do not 
quite merge with the cut-off parabola, if the ratio of the 
anode-to-cathodo radius is less than a critical value (—2); 
instead they approach the parabola asymptotically at high 
fields. 

In the static case (F < Fc) a cylindrical distribution of 
space charge immediately surrounds the cathode, which is 



Fig. 5 • 44 Non-oscillation V~T curves. 

referred to as the cathode sheath, under space-charge- 
limitcd conditions. In thi^^’ thin region the magnetic field 
has a negligible influence on space charge, and the Langmuir 
space-charge relation is satisfied. 

From the Hamiltonian function for the electron in the 
combined fields in the interaction space of the magnetron, 
the angular momentum of the electron contributes to the 
electron's total potential energy. This energy varies radially 
in a periodic manner as the electron moves in cycloid-like 
convolutions from the cathode to and from the Hull cut-off 



Fig. 5-45 Non-oscillation F-// curves. 

boundary. Total potential energy is maximum wherever 
the radial component of the electron's velocity approaches 
zero. As a result of such radial retardations of the electron 
space-charge distribution is affected. Its density becomes 
maximum at the total-potential-energy maxima, which may 
be regarded as approximately equally spaced, thick, concen- 
tric sheaths of space charge surrounding the cathode. Their 
number depends upon cathode emission. 
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Electrons emitto<l from the cathode, which is at a total- 
potent ial-eiiergy maximum, are accelerated in the immediate 
region of the first total-potential-energy minimum, then are 
retarded, and subseciuently stopped radially at the adjacent 
maximum, although they surmount this barrier because the 
maxima of total poU^ntial energy are approximately alike. 
In this manner, each electron is accelerated at each minimum 
and is radially retarded at each maximum. Electron motion 
is repeated at each space-charge sheath until it reaches the 
Hull cut-off boundary from which it is reflected back toward 
the eatho<le. Wliether an electron eventually returns to the 
cathode within a specific number of convolutions depends 
partly upon the magnitude of cathode current. If cathode 
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current is sufficiently high (the usual space-charge-liraited 
case) the electron returns to the cathode within one convolu- 
tion of its trajectory; that is, there is one minimum of total 
potential energy between the cathode and the Hull c\it-off 
boundary, with maxima at the cathode and this boundary. 
Corresponding electron trajectories are cycloidal with cusps 
at the cathcxle. If cathode current is relatively low, the 
resultant cycloidal motion of the electron does not permit it 
to return to the cathode in a single convolution. The num- 
ber of sheaths corresponds somewhat to the number of con- 
volutions, for space-charge distribution must be consistent 
with electron motion. With no anode current the electrons 
which leave the cathode and migrate toward the cut-off 
boundary return to the cathode. Outgoing and incoming 
electrons, with reference to the cathode, contribute to the 
rotating space charge. Transit time of the electron from 
the cathode and back again is proportional to the number 
of these sheaths. 

In the region from cathode to cut-off boundary the poten- 
tial function approximates a parabola, the degree of corre- 
spondence depending upon the number of space-charge 
sheaths, which in turn depends inversely upon cathode 
emission. In the region from the Hull cut-off boundary to 
the anode, in which there is no space charge, the potential 
is logarithmic. The potential barrier or cathode sheath 
assumes a suitable value to permit enough currOit to pass 
to satisfy the impressed boundary conditions or static anode 
voltage and magnetic field. 
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6-21 DYNAMIC CHARACTERISTICS OF THE SYM- 
METRIC MAGNETRON 

Under oscillatory conditions anode current, for constant 
magnetic field H, begins at anode voltages below the Hull 
cut-off value Fc, but above a certain threshold, as illustrated 
by Fig. 5-46. This threshold requires that anode voltage 
be sufficient for a given magnetic field to allow the electrons 
to just reach the anode, that is, to maintain a finite alter- 
nating potential on the anode to sustain oscillations and 
permit anode current. Oscillation intensity for a given mode 
increases as anode voltage is increased above threshold value 
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Fio. 5-47 Oscillation T-// curves. 

for a specific magnetic field. This process continues until 
oscillation intensity attains a maximum value, after which 
it decreases with further increase in anode voltage until 
oscillation ceases. The boundary including this limiting 
value is referred to as the Allis oscillation-lunit cuiwc. The 
reasons for this phenomenon will be evident later. Immedi- 
ately after oscillation ceases, a static anode current ensues 
which eventually blends with the Langmuir curve, as illus- 
trated by Fig. 5*40. It is evident from this figure that the 
oscillation region occupies a substantial portion of the area 
between the ordinate and the Allis curve. 

Other features of the oscillation region are illustrated by 
Fig. 5*47, in which the region appears between the Hull 
cut-off curve and the threshold of oscillation represented by 
the Hartree pi-mode line and the Bloch pi-mode curve. At 
least the threshold criterion for the nth mode must be satis- 
fied before oscillations in that mode can be initiated. The 
discrepancy in the Bloch and Hartree representations of the 
oscillation threshold lies in inadequacies in its theoretical 
interpretation. Hartree's criterion stipulates a minimum 
anode voltage for a given magnetic field which just permits 
electrons in the interaction space to reach the anode; based 
upon the premise that in the nth or pi-mode higher than the 
first term of the Fourier expansion of the a-c field around 
the anode are not relatively important. The Hartree cri- 
terion does not suppose a simple resonance between the elec- 
tron and a-c field for mode selection but rather a modification 
involving the consideration that oscillations are derived 
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from finite amplitudes of oscillation of anode potential. The 
Bloch criterion does not assume that the higher terms of the 
Fourier expansion of the a-c field in the vicinity of and around 
the anode are unimportant but that they represent signifi- 
cant contributions in enabling the electrons to reach the 
anode. The Hartree pi-mode line is a linear function of the 
applied static anode voltage and axial magnetic field, and it 
is tangent to the Hull cut-off curve. Bloch^s criterion stipu- 
lates an anode voltage at which the electron is in resonance 
with the a-c field at the Hull ** space-charge boundary at 
which the fundamental component of the a-c field is of para- 
mount importance. Prior to Hartree and Bloch, Slater, 
neglecting space charge, proposed a purely resonance thresh- 
old criterion which stipulates an anode voltage for which 
electrons are in rosonan(;e with the a-c field at a plane half- 
way between the cathode and the anode. As illustrated in 
the figure, the Bloch pi-mode curve and the Hartree pi-mode 
line have a common tangent to the Hull cut-off curve. The 
Slater pi-mode line (not shown in Fig. 5*47, to avoid con- 
fusion) is displaced toward higher voltages than the corre- 
sponding Hartree pi-mode line; that is, for a common mode, 
the Slater mode line is above the Hartree mode line and 
intersects the Hull cut-off curve. Available experimental 
results involving pi-mode operation of syrnmetric^al multi- 
cavity magnetrons apparently are more often in accord 
with the Bloch than with the Hartree threshold. The Slater, 
Hartree, and Bloch thresholds also retain their principal 
interrelationship for the lower order modes of the funda- 
mental multiplet. The three threshold representations for 
each of the lower order modes lie between the Hull cut-i)ff 
curve and the corresponding pi-rnodc thresholds, although 
each trio is at higlicr V~H values the lower the order of the 
mode. If no mode suppression is involved the various modes 
can be excited by suitable anode voltage and magnetic field. 
However, the magnetron generally is designed to operate in 
the most efficient mode, the pi-mode; other modes arc sup- 
pressed by providing sufficient mode separation between the 
pi-mode and the others and attenuating the others by proper 
phasing. In this way single-mode operation is achieved at 
high efficiency over much of the oscillation region above the 
pi-mode threshold. 

In the interaction space of the multisegmcnt magnetron 
the electron motion consists of two independent components: 
a rotational component having a Larmor angular fnHiucncy 
[w// = {e/m)H] and a processional or translational com- 
ponent of angular frequency (cop = E/Hr). The electron 
can impart a substantial portion of its total energy, either 
its angular kinetic or its potential energy, to the a-c field 
and hence to the resonant system. The proportion of the 
total energy transferred depends upon whether the field 
involved is a stationary field varying with time but inde- 
pendent of position, or a rotating field dependent upon both 
time and position. The first type of electromagnetic field 
obtains its energy from the electron’s angular kinetic energy. 
The second type of field obtains its energy from the potential 
energy of the electron. Multisegment magnetrons can sus- 
tain the rotating type of field as well as the stationary field j 
the single-anode magnetron is capable of sustaining the 
stationary type only. The remaining discussion is restricted 
primarily to the steady-state properties of oscillation defined 


by the rotating electromagnetic or a-c field dependent upon 
both time and angular position. 

A rotating charge distribution surrounds the cathode, 
which is uniform in angular distribution and is bounded 
radially by the Hull cut-off boundary. A perturbation, such 
as a finite voltage fluctuation on any anode segment, locally 
perturbs the charge distribution which, because of its rota- 
tion under the influcncie of the magnetic field, induces 
periodic voltage variations in the anode segment.®^ Oscilla- 
tions cannot be expected to be initiated and sustained unless 
the anode voltage for a given magnetic field, although below 
cut-off {V < Vc), is above the mode threshold which, accord- 
ing to the Hartree criterion, will enable finite amplitudes of 
alternating potential on the anode segments to be established, 
and thus permit some electrons to reach the anode. Contri- 
butions to the a-c field in the interaction-space decrease from 
the anode to the cathode. The larger the mode number, 
the more rapid is this decrease; therefore if the Hull cut-off 
boundary is too far from the anode the electrons in the 
rotating space charge cannot get within sufficient influence 
of the desired field to be pulled out toward the anode. The 
decrease in field from anode to cathode is accentuated by 
space charge. 

Of the several possible modes of oscillation initiated in the 
transient state by the electronic system only those which 
present favorable conditions for energy transfer from the 
electrons to the a-c field attain steady state. However, 
under some boundary conditions the only effective or pre- 
dominant component wave corresponds to the pi-mode of 
oscillation. No consideration is given here to other circum- 
stances under which the effective or predominant component 
may not be the pi-mode. The standing-wave pattern of the 
periodic potential on the anode segments, corresponding to 
the pi-mode, may be resolved into two equal and opposite 
rotating potential waves of which only the one rotating 
with the electrons appears as a constant field and can exert 
cumulative effects on the electron. This anode-potential 
wave corresponds to a rotating electromagnetic field around 
the cathode. An intcra(;tion ensues between the electric 
component of the rotating electromagnetic field and the 
electric component of the space charge under the action of 
the applied static electric and axial magnetic fields. Forces 
on the electron caused by the magnetic components of the 
rotating electromagnetic field and space charge may be 
neglected. 

The electrons arc characterized by less than the Larmor 
velocity, so the resultant phase relations between electrons 
and rotating field cause some electrons to be accelerated and 
force them to leave the field and return to the cathode. 
Others arc decelerated, thus imparting energy to the field, 
and simultaneously are pulled out toward the anode. The 
acceleration process removes energy-absorbing electrons that 
decrease conversion efficiency. The decelerating process 
creates radial wave-like projections on the main cylindrical 
body of the rotating space charge at angular positions where 
the electrons travel in the same direction and at about the 
same angular velocity as the a-c field. Whether the tips of 
these waves reach the anode depends upon the magnitude 
of the rotating field. Figure 5-48 illustrates a case in which 
the field is of sufficient magnitude to accomplish this. Elec- 
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Irons in the projections need not be in exact resonance with 
the angular velocity of the field, as illustrated ; a little variation 
below or above this value only modifies the symmetry of the 
waves. Furthermore, resonance pertains to average velocities 
of the electrons, so that the space-charge waves — not neces- 
siirily the electrons in them — are in resonance with the field. 

hllectrons travel directly acrass to the anode at cut-off 
{V = I'c)- Below cut-off some electrons re(|uire one or 
more convolutions to reach the anode. Qualitatively, small 
anode current in a multicavity magnetron is synonymous 
with many convolutions of the electron trajectory or long 



Fio. 5-48 Instantaneous representation of the rotating space charge 
for the pi^mode in a multicavity magnetron (periodic field not shown). 
(Reprinted by permission from British Committee on Valve Develop- 
ment Report, Mag. 41, Department of Scientific Research and Experi- 
ment.) 


transit time. Too small an anode current means too long a 
transit time, hence electrons normally near resonance may 
fall out and return to the cathode with substantial energy. 
Since a fair degree of resonance is required between electron 
motion and electromagnetic field in the interaction space, 
a few convolutions in a multicavity magnetron as a result of 
a-c field perturbation are beneficial. In fact, in split-plate 
magnetrons these several convolutions may be around the 
cathode. This provides enough time for electrons somewhat 
out of phase eventually to step in phase or resonance by the 
time they reach the space-charge boundary, and to estab- 
lish favorable conditions under which energy may be effi- 
ciently imparted to the field. If sufficient time is not afforded, 
conversion efficiency is low or oscillations cannot even be 
sustained. In other words, too large an anode current caused 
by electrons reaching the anode too quickly causes a share 
of their energy to be imparted to the anode as heat. This 
resonance or phase condition is broad; that is, relatively 
large variations in operating conditions do not markedly 
influence operation. The main reason for close approach to 
resonance is to enable the electron to get to the anode more 
easily. Also for high conversion efficiency it is desirable 
that those electrons which reach the anode do so with a 
minimum of energy. Because of the rotating space charge 
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many electrons which impart some of their energy to the 
field or are somewhat out of phase eventually drift into suit- 
able regions in the interaction space so as to rehabilitate 
themselves and become useful for further work. If an out- 
of-phase electron enters an unfavorable region of the a-c field 
on emission from the cathode it is immediately returned to the 
cathode so that it absorbs a minimum of energy from the field. 

For maximum conversion efficiency the operating condi- 
tions (the applied static electric and magnetic field for given 
structural parameters) should be adjusted so that a maximum 
number of electrons arrive at the anode with a minimum of 
kinetic energy as a result of oscillations in a single mode. 
An additional advantage is gained by adjusting the mag- 
netic field so that the angular velocity of the field is in reso- 
nance with the Larmor angular velocity. Fulfillment of these 
conditions permits an efficiency of 100 percent in the ideal 
case. Practically, efficiencies often are between 40 and 
75 percent. At such efficiencies the a-c field amplitude is a 
substantial portion of the applied static electric field. Fur- 
thermore, to maintain high efficiency as the anode radius 
and number of segments increase it is necessary to increase 
the cathode radius proportionally. 

The Hartree condition for oscillation can be clarified by a 
mechanical analogj’^ provided that all forces on a particle in 
the chosen frame of reference appear conservative. To 
fulfill this prerequisite it is sufficient to rotate the frame of 
reference at the Larmor angular velocity. The particle 
leaves the cathode with an initial angular velocity — w// 
relative to the Larmor frame, which is greater than that of 
the potential-energy surface, which is assumed zero at the 
cath(xle. As the particle climbs on the surface toward the 
anode, under the action of gravity, its angular velocity de- 
creases until it is equal to that of the rotating surface. Dur- 
ing its climb the particle either gets through to the anode or 
falls back to the cathode, dep)ending upon the form of the 
potential-energy surface between the cathode and anode. If 
the surface is not undulated around the angular co-ordinate 
the particle does not arrive at the anode unless the maximum 
extent of it-s orbit is greater than that prescribed by the 
equivalent Hull cut-off condition. If the surface is so undu- 
lated and is rotating, the particle leaving the cathode eventu- 
ally can reach the anode. This rotating, rigid, undulated 
potential-energy surface corresponds to the rotating poten- 
tial wave around the multisegment anode. On entering a 
trough of an undulation the particle can move farther toward 
the anode than if it were on a uniform surface, for it does 
not have to climb so high. Furthermore the rotating, undu- 
lated surface swings the particle around, eventually with its 
own angular velocity, and because of the imparted centrifu- 
gal force it reaches the anode. It could not do this on an 
unperturbed surface. The angular velocity of the rigid 
imdulated surface, relative to the Larmor frame, must equal 
or exceed a certain minimum value if the particles are to 
reach the anode. 

6-22 EQUIVALENT-CIRCUIT REPRESENTATION OP 
THE SYMMETRIC MAGNETRON 

Two aids for interpretation of magnetron performance are 
the equivalentrcircuit and camiy-resonator methods. The 
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first method is based on the representation of the magnetron 
as an equivalent circuit with lumped parameters. The wave- 
length is assumed large compared with resonator elements. 
Even though this prerequisite is not followed precisely, 
useful approximations can still be derived. The cavity- 
resonator method,®* based on the properties of the normal 
modes in a closed resonant system, is precise and yields more 
information than the other method without recourse to the 
artificial concept of an equivalent circuit. It is especially 
valuable if the wavelength is about equal to the resonator 
dimensions. The equivalent circuit method is more familiar 
and relatively simple, even though approximate, so it is con- 
sidered here in preference to the cavity-resonator method 
for the symmetrical multicavity magnetron in the pi-mode 
of oscillation. 

Either a series or a parallel lumped-circuit representation 
of the resonant system of the magnetron can be used. The 
final results are equivalent at the resonant frequency for one 
and the same mode of oscillation. For a multicaviiy mag- 
netron, as illustrated by Fig. 5*43, the total equivalent 
lumped inductance L is equal to the reciprocal of the total 
number of individual identical circuits multiplied by the 
equivalent inductance of one of them. Total equivalent 
lumped capacity C is equal to the product of the total num- 
ber of such identical resonators and the capacntance of one 
of them. Strap capacitance introduced by anode straps 
must be considered in C, Finally, the total equivalent resist- 
ance corre*sponding to resonator-system losses is Qu{C/ISf^ 
involving the unloaded Q designated Figure 5*49 illus- 
trates the components of the resonator system of the mag- 
netron and load. The coupling between resonant sys- 
tem LCR^ the output device, and the base of the loop 
or iris at 3 is represented by an ideal transformer with 
turns ratio and the series inductances Ls where 

Ls = /v'[l — / LIJ)]y and represents the inductance 

of the loop. Other representations can be used for this 
coupling. The output device between the base of the loop 
at 3 and the transmission line at 2 can be represented by a 
passive linear non-dissipative four-terminal network®® T. 
The oscillating space charge, looking to the left at 5 into the 
interaction space from the slots between the magnetron seg- 
ments in an oscillating magnetron, is equivalent to an admit- 
tance, often referred to as an electron admittance. The 
conductance component of this admittance is negative and 
it more than offsets Qu, so the magnetron can behave as a 
generator. The susceptance component of the admittance 
at 6 is responsible for the frequency variation discussed in 
Section 5-23. Determination of the manner in which the 
components of the admittance at 5 influences generated 
power and frequency of oscillation requires evaluation of 
the admittance, instantaneous currents flowing to the seg- 
ments, at 6, and the alternating voltage between them. 
These factors are derived from data obtained by the familiar 
cold standing-wave measurements and impedance or Rieke 
diagrams. Standing-wave measurements yield 

1. Cold impedance at 2, looking toward 6. 

2. Transformation properties of output device T. 

3. Impedance at 3, looking toward 5. 

4. Unloaded Q, and in conjunction with the impedance 
or Rieke diagram at 2, the equivalent-circuit constants. 


Conditions for deriving (1) from cold measurements re- 
quire that the quiescent or cold magnetron act as load on 
the line, and that Zl be replaced by a suitable signal gen- 
erator. Then the position of minimum and standing-wave 
ratio in the line must be examined near resonance of the 
desired (pi) mode. The cold- and hot-magnetron frequencies 
are different because of space-charge and temperature effects. 
The transformation properties’® of the coupling device T 
are determined from cold standing-wave measurements in 
lines connected to each side of the coupling device 7\ One 
end of one line is short-circuited and one end of the other 
line is connected to a signal generator. Once the transfor- 
mation properties of the output device T are determined, 
impedances at 2 can be transformed to 3. With this infor- 
mation the performance characteristics of the hot magnetron, 
under applied boundary conditions at 6, can be evaluated. 



Fig. 5 • 49 Equivalent network representation. 


Cold standing-wave measurements are relatively simple, 
as long as no resonances or frequency cut-offs are inherent 
in the output device near the magnetron mode under test. 
For reasonable accuracy the loaded Q of the magnetron 
should be relatively high. 

6- 23 OPERATIONAL DIAGRAMS FOR MAGNETRONS 

Two principal types of characteristic diagrams, the imped- 
ance and the performance diagrams, are of importance to 
theoretical and practical aspects of magnetrons. 

The admittance or Rieke diagram, as it is often called, 
can be prepared for either constant-anode voltage or cur- 
rent I with the magnetic field H constant in each type. The 
constant-current Rieke diagram, which is generally used, 
relates a-c power output Po, frequency v, and anode voltage 
V (optional) on a polar or admittance plane. The polar 
form of this diagram portrays operational characteristics in 
terms of the real component of the reflection coefficient 
I r I as the radial co-ordinate. Phase angle of the voltage 
minimum with respect to an arbitrary reference plane on the 
magnetron, as 2 of Fig. 5 • 49, serves as an angular co-ordinate; 
3(>0 degrees of phase angle on the diagram corresponds to a 
half wavelength. The center of the polar diagram denotes 
matched-line conditions. 

’ The polar form of the Rieke diagram can be transformed 
to an admittance plane or Smith chart.’^ Theoretically, 
the Rieke diagram on a Smith chart indicates that circles of 
constant-load conductance Ol should correspond approx- 
imately to contours of constant power if load susceptance 
has a negligible effect on output power. Actually power 
contours P are in accord with the predictions at relatively 
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low reflection cooffieients, illustrated by Fig. 5-50. Further- 
more, eireular ares of con.stant-load suscoptance corre- 
spond approximately to contours of consttvnt frequency. 
Although the suscoptance curves, corresponding approx- 
imately to fr«iuency contours, are shown symmetrical in 
Fig. 5-50, in the general case the line of convergence of 
these suseeptance curves is inclinotl at some angle to the 
horizontal axis. Furthermore, in practice the power con- 
tours, corresponding approximately to the conductance con- 
U)urs, do not proceed to the point of infinite admittance, 
but rather clo.se at some intermediate region as shown. The 
sink toward which fretpiency and power contoum tend to 



Fio. r> • 50 The concept of Ricke diagrams. 


converge is known as the instability region or pulling sink 
and is characterized by low-frequency stability of the mag- 
netron. 

Variation of frequency with the suseeptance component 
of the load, while the conductance component remains con- 
stant, is termed frequency pulling. The degree of frequency 
pulling is referred to a specific load admittance or operating 
point on the Rieke diagram. It is specified as the maximum 
frequency variation across a circle corresponding to a specific 
(0.2) real reflection coeflBcient for ail phase angles. The 
center of this circle corresponds to the chosen operating 
point. A practical example of a Rieke diagram for a two- 
cavity magnetron is illustrated by Fig. 5-51. Variations 
in the character of the Rieke diagrams are dependent upon 
the type of magnetron, output device, and operating con- 
ditions. Some interesting features of the Rieke diagrams 
are: 

1. Data on the general frequency-stability characteristic 
of the magnetron over the indicated load-admittance ral^ 
are provided. The extent and regions of spurious modes 
and instability caused by low values of Qu of thejpiagnetron 
as compared with the load also are revealed. 

2. The proper load-impedance region is portrayed for 
optimum performance with regard to frequency pulling or 


stability, power output, and applied anode voltage for con- 
st-ant magnetic field, anode current, and nominal wavelength. 

3. The degree to which matched-line operational condi- 
tions have l)een achieved, for chosen magnetron parameters 
and coupling devices, is disclosed. 



Fig. 5-51 A practical Rieke diagram (voltage contours not shown). 

For a given operating point on the Rieke diagram, choice 
of which depends upon tl\e particular application, further 
operational data can be obtained from performance diagrams. 
Such a diagram generally is prepared on a rectangular co- 
ordinate system with applied anode voltages as ordinate; 
resultant anode currents as abscissas, with magnetic field 
as parameter, relate efficiency, freciuency (optional), and 
a-c power output at constant-load admittance*. I'he per- 
formance diagram is confined within the indicated bound- 
aries of the oscillation region of Figs. 5 *46 and 5-47. A 
theoretical performance diagram for this region is illustrated 
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ANODE CURRENT 

Fia. 5*52 The concept of performance diagrams. 

by Fig. 5-52 for single-mode operation and constant-load 
admittance. The complete region of oscillations, as illus- 
trated by Fig. 6*52, is not fully realized because of spurious 
modes caused by inadequate mode separation and mode 
coupling in the specific magnetron, by limited cathode 
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emission, or by unfavorable relation between load and 
magnetron. 

Variations in the character of performance diagrams 
depend upon the type of magnetron, load admittance, and 
operating conditions. Some interesting features of perform- 
ance diagrams, such as the practical example for a two- 
cavity magnetron illustrated by Fig. 5-53 are: 

1. An unstable or mody region at low currents. 

2. A normal operational region. Small islands of insta- 
bility of modiness may, on occasion, appear even in this 



Fia. 5*53 A practical i>erformaiico diagram (frequency contours not 

shown). 

region. However, the operating regions on Rieke and per- 
formance diagrams are cho.seii to avoid such areas as much 
as possible. 

3. Non-oscillatory region at high currents. The higli 
current boundary at the right in Fig. 5 • 53 is a.ssociated with 
cathode emission, inadequate oscillation b\iild-up time under 
pulsed conditions, and elc(!tron-clectromagnctic field syn- 
chronism (or phase-focusing) failure, which stipulates a 
maximum pi-mcKlc d-c voltage at constant magnetic field. 

4. Variation of the slope of the magnetic-field contours in 
the operational region. This phenomenon is also associated 
with cathode emission, and the slope is small if the current 
is space-charge-1 iini ted. The characteristics of the mag- 
netic field contours illustrated in Fig. 5-53 are frequently 
exhibited by split-plate magnetrons with secondary-emission 
cold cathodes and is almost non-existent in most multicavity 
magnetrons with thermal cathodc^s. 

5. Portrayal, by the operational region, of the broadness 
of the resonance condition (in applied ancxle voltage and 
magnetic field) for efficient energy conversion between space 
charge and resonant system and load. 

The degree of frequency instability at any point in the 
performance diagram depends upon the degree of frequency 
variation with anode current, and is coWed frequency pushing. 


6-24 SCALING OF MAGNETRONS 


Analytical considerations and experimental data have 
justified voltage and wavelength scaling of magnetrons for 
ec|uivalent operation. In voltage scaling, wavelength re- 
mains constant and the interaction space is varied. In 
wavelength scaling, the whole geometrical shape of the mag- 
netron is maintained constant, while the whole structure is 
varied in the ratio of the new to the old wavelength. Emis- 
sion, dissipation, and applied fields establish a limit to which 
scaling (^an be extended. 

Magnetron scaling relations which must remain invariant 
for equivalent operation of two magnetrons having the same 
anode-to-cathode radii ratio <7, n (or AT), and loaded Q, Qi, 
are: 

//X 



V, /, L, Ta denote anode voltage, current, length, and radius, 
whereas H and X denote magnetic field and wavelength, 
resjxjctivcly. 

These relations justify the types of scaling illustrated in 
the table on page 96. The prime denotes a scaled 
quantity. P, and G denote current density, power input 
or output, and parallel slot conductance, respectively. 

A universal performance chart for any magnetron is ob- 
tained from Slater^s reduced variables, wherein a and n 
(or N) are not constrained, so that for the Hull curve, 


V 

Vo \no/ 
for the Ilartree line. 


-(0 


T' // 

-- = 2 1 

Vo fh 

for the Allis curve, 


where 


lo \Vo/ V//o/ 


Ho = 21.40' 


1 


kilogauss 


Vo = 9.997 X lO® kilovolts 

are co-ordinates of the points of tangency of the Hartree line 
with the Hull curve for the n mode, and 

« rat- 
io = 2.096 X 10® amperes 


represents the Allis current corresponding to Fo and Ho, 
"her® ( 2 ^ 0.95 for <r between 1.6 and 2.7 
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Restrictbd Scalinu 


Ratio of Final to 
Initial Value of 
Parameter 

Complete Wavelength 

Scaling (shape invariant) 

V ^ ^ 

X Ta 

Special Wavelength 

Scaling (radial interaction 
space invariant} 

^“.1 

Ta 
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Scaling (wave- 
length invariant) 
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Hence these yield the general approximate scaling ratios 
in which the ratios of current, power, and conductance 
apply per unit length. The prime denotes the scaled 
quantity. 



where Jc denotes the current density at the cathode. 

In both the restricted and the general scaling tables above, 
end effects are neglected, and as a result the current per unit 
length of cathode Ls independent of length. 


Another useful relationship, discussed above, involves the 
ratio of initial to final values of pulling figure in terms 
of the matched line external Q, Qb and frequency v of the 
magnetron, and the complement of the angle with which 
the constant frequency and power contours on the Rieke 
diagram thereof intersects, sec a: 

(PF) 

{PFY / Qe 

sec a 

M = modulus = 

sec a' 

where Qe i» defined as 2ir times the ratio of energy stored in 
the magnetron to the energy transmitted per cycle. In this 
respect, the ratio of initial to final pulling figures may be 
expressed in terms of the stored and transmitted energies. 

6-26 SOME BASIC RELATIONS OF SYMMETRIC 
MAGNETRONS 

The Fourier expansion of the a-c field around the anode 
in the interaction space of a magnetron may be resolved 
into waves of identical frequency of various forward and 
reverse angular velocities. The Fourier components which 
contribute to the a-c field in the interaction space may be 
represented by the relation 

n = no + fiN 

in which m “ 0, dbl, =fc2, • • •, and negative integral values 
of n (that is, M « —1, —2, • • •) denote wave rotation in 
reverse direction to the fundamental or electron motion. 
N, as before, denotes the number of resonators of the mag- 
netron. 
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The fundamental is denoted by | n | = Wo (that is, m = 0). 
The Hartree harmonics, on the other hand (not harmonics 
in the usual sense except when n is a factor of iV), are denoted 
by 1 n 1 no (that is, /i 0). Now the absolute value of 
n, 1 n 1 , also denotes the periodicity of the wave of the mode 
around the anode, and no denotes the Fourier component 
with a minimum value of n. 

The most effective component n (in the Fourier expansion 
of the operating mode, no) of the a-c field in the interaction 
space, which assists electrons to the anode, for given anode 
voltage Vy magnetic field //, wavelength X, anode radius Va, 
cathode radius rc, and their ratio <r (= ra/rc), is obtained 
by assigning an integer, next in increasing sequence, to the 
integral part of Ilartrce’s oscillation threshold: 


21.4 


n* 


X// 




where H and V are in kilogauss and kilovolts, and X and Va 
are expressed in centimeters. 

Then the operating mode or mode of oscillation, rio, is 
the minimum integer of the set 

1 71 — fiN 1 

for which the phase difference between adjacent segments is 


A<t> 


27rno 


{A<t> < tt ) 


It is important to note that the most effective component n 
need not be the fundamental component of the a-c field in 
the interaction space of the magnetron. 

Hull parabola: 


V = 

Slater resonance line: 

2 


- a' 


nX \ \ 7iX / 


Hartree line: 

V = 

Bloch line: 

V = 


944ro 
nX 


944rc^ 

n\ 




The Bloch line is valid for 


H > 32.1 


nX 




where V and H are in kilovolts and kilogauss, and X, and r® 
are expressed in centimeters. 
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GAS TUBES 

D. E. Marshall 


B y definition, a vacuum tube containing sufficient gas 
to influence its operation is a gas tube. The influ- 
ence of gas, in general, results from its ionization, 
so that positive charges arc available to neutralize the elec- 
tron space charge. Gas tubes, therefore, can conduct large 
currents at comparatively low voltage drop and therefore 
operate at high efficiency. 

The term gas tube covers tubes containing gases that can 
condense within their operating temperature range, as well 
as tubes with gases which cannot so condense. Among the 
former are mercury-vapor tubes; the latter are xenon-, neon-, 
and argon-fillc<l tubes. 

Gas tubes range in size and capacity from large multianode 
pool rectifiers to small control thyratrons, or even smaller 
protective spark gaps of various types. Large tubes are 
applied in power rectification and inversion, in heavy- 
current resistance-welding control; smaller ones are used as 
rectifiers for d-c supply in radio receivers, as control relays, 
lock-in relays, and for other similar applications. 

Detailed descriptions and ratings of commensal tubes are 
available in technical information sheets published by tube 
manufacturers. 

6-1 GAS-TUBE OPERATION 

The operation of a gas-filled tube is determined almost 
entirely by the circuit in which it is used. Since anode- 
cathode voltage is independent of grid voltage during con- 
duction, the (airrent through the tube after it has startal 
can be changed only as determined by the voltages and im- 
pedances of the external circuit. The tube can be prevented 
from conducting in the forward direction, but after conduc- 
tion starts it cannot be stopped or influenced by grid control. 
Conduction can be stopped only by reducing the current to 
zero long enough for the tube to deionize. 

Control in D-C Circuits 

In d-c circuits gas tubes can be used as sensitive indicating 
and lock-in relays, to discharge capacitors and for similar 
applications. Circuits using capacitors in such a manner 
that they can be discharged backward through the tubes, 
thus reducing the tube current to zero and stopping conduc- 
tion, are used in inverter circuits, for example. By use of 
grid- or ignitor-controlled gas tubes in inverter circuits, 
alternating voltages controllable in magnitude and fre- 
quency can be obtained. 


Control in A-C Circuits 

In a-c circuits the current becomes zero twice each cycle, 
and conduction of the tube can start and stop because the 
current is stopped periodically by the external circuit. Start- 
ing time in the cycle can be controlled, so conduction can be 
made to start and stop periodically. The grid, therefore, 
does not modulate the current but does control the phase of 
starting the current through the tube. 

Phase Control in A-C Power-Conversion Circuits 

In polyphase rectifiers and inverter circuits, current 
through the tube continues until it is stopped by the action 



Fig. 6 • 1 Wave forms in rectification : single-phase full-wave operation, 
motor load. Derived on assumption of zero circuit resistance. 


of firing the next tube in sequence at a definite phase of the 
next cycle; the time of conduction then becomes a predeter- 
mined fraction of a cycle. By controlling the phase of start- 
99 
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ing the tubes, the currents are of constant time duration, 
but are displaced in phase with respect to the alternating 
supply voltage. Control of the phase of firing changes the 
magnitude of the output power and reflects the change back 
into the supply circuit as a change in power factor. 

When current is controlled in magnitude by the potential 
of a grid in a high-vacuum tube, the control is effected by 
increasing the voltage drop across the tube from cathode to 
anode. This increases the loss in the tube, and a large part 



Fia. 6-2 Wave forms in inversion: single-phase full- wave operation, 
synchronous machine commutation, d-c generator drive. Derived on 
assumption of zero circuit resistance. 


of the circuit energy is lost in heat in the tube. A series 
resistor will control power in a similar fashion. 

Conversely, in a gas tube, the grid cannot increase the 
anode-cathode voltage in the conduction period and, thereby, 
cannot increase the tube losses. Control is effected by 
causing a phase displacement between supply voltage and 
current, thus changing the power factor in a manner similar 
to the action of a series reactor in an a-c circuit. 

The theoretical wave forms shown in Fig. 6-1 are for a 
single-phase full-wave rectifier with a d-c motor load. The 
wave forms of Fig. 6*2 for inversion are similarly derived. 
Their construction is simplified by the assumption that 
resistance is zero in all branches of the circuit. The load- 
smoothing inductance, however, is assiuned to be finite 
rather than infinite, as it is usually assumed to be. 

The shift in phase between input voltage and current 
mentioned is evident. The vector diagrams iiidicate the 
phase relations. Both rectifier and inverter have lagging 
wattless-power components, but the real power components 
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are such as to feed power into the a-c supply system in 
inversion and into the d-c system in rectification. This 
change in phase is determined by the settings of the firing 
phase of the tubes. 

Phase Control in A-C Welding Circuits 

By using two gas tubes in inverse parallel, current can be 
passed in both directions through the combination. Switch- 
ing action is obtained on a-c circuits with control of the 


/[ 

\ 

/I 

\ 

/I 

_\ A-c VOLTS 



\ 

r\ 

/ 

\ 

r\ 

/ 

A TO B 

FULL PHASE 

1 





A-C CURRENT 

* VOLTS C TO D 

A 

C 

V2 

Jo 

r\ 


r\ 


CURRENT 






TUBE-1 






CURRENT TUBE-2 

CURRENT 

L 

L 


1 , 

j 

^VQLTS C TO D 



J 

i 

F 

IMVERSE TUBE-1 

. CURRENT TUBE 



! 




CURRENT TUBI 

L-2 


K 


t\ 


1— VOLTS 0 TO E 


NJ 

V 

\i 




Fig. 6 • 3 Wave forms in a-c resistance welder control with and without 
phase control. Derived on assumption of zero-power-factor load. 

current-starting time of each cycle.'- If this combina- 
tion is used to control current through an inductive load, 
the action of the tubes in stopping conduction at or near the 
zero-current point of the cycle interrupts the current when 
the stored magnetic energy is low, thus minimizing induc- 
tive disturbances. 

Wave forms derived on the basis of zero-power-factor 
load are shown in Fig. 0-3. Two cases are shown, with and 
without phase delay in tube firing. Control efficiency is 
high, because current and voltage across the tubes, other 
than arc drop, are not simultaneous. 

6-2 GAS-TUBE TECHNICAL DATA 
Characteristics 

Tube properties inherent in the design and not control- 
lable by the user are called characteristics. For example, 
cathode-heater current at rated cathode voltage of a thyra- 
tron or the critical grid-voltage-control curve is a charac- 
teristic. 
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Figures for characteristics of a tube usually are given with 
plus and minus tolerances. It is not always stated whether 
these tolerances are for new tubes or whether they are valid 
throughout the guaranteed life of the tube. The present 
tendency, however, is to assign tolerances to cover expected 
deviations in the various characteristics throughout life. In 
addition to the deviations caused by use are the manufac- 
turing tolerances and the effect of any unlisted parameters; 
for example, the effect of condensed mercury on the critical 
grid characteristic of a thyratron. 

Often so-called typical characteristics are given in tech- 
nical sheets. These usually show data for an average tube 
and do not show probable variation in characteristics in a 
manufacturing lot. They are of value in showing variation 
,in characteristics as a function of various parameters. 

Ratings 

Lists of values limiting the amount that tubes can be 
stressed in various ways arc called ratings. Ratings usually 
are given as maximum or peak values or maximum ranges; 
for example, the peak (mrrent rating of a thyratron or the 
maximum t/emperature range of a phanotron. 

All values in one column of a rating sheet form a consistent 
system. Several columns of ratings may be needed for a 
given tube. For example, the demand-current rating of an 
ignitron can be OCKK) amperes at 220 volts and 4800 amperes 
at 440 volts. Both rating gn^ups are individually consistent, 
but OIKX) amperes at 440 volts is not. The ratings do not 
apply individually but in groups. 

Ideally it should be possible to assign to a tube ratings 
which would be independent of the type of duty for which 
it is used. This has not as yet been found feasible. For 
radio tubes typical operating conditions often are given. 
These list all circuit constants affecting tube operation. In 
general, industrial tubes are used for widely differing applica- 
tions, so the rating system is us(»d for most purposes instead 
of typical operating conditions. 

To be more accurate, some types are rated for use in gen- 
eral classes of circuits; ignitron ratings for welding and 
rectifier circuits are in this class. 

All ratings for gas- or vapor-filled tubes are on the ‘‘abso- 
lute maximum’' basis, for no factors of safety are assumed. 

Use of Technical Information 

Rating information represents the manufacturer’s contract 
with the user. By it, he agrees to furnish a device with 
renewals when necessary which will perform certain func- 
tions and will have a reasonable life. It need not reflect the 
actual capabilities of the devices, because the ratings 
may be purposely low to insure long life, or they may be 
tentative until field experience indicates that higher ratings 
are justified. 

Tests made by the user indicating that a certain tube 
performs well at currents, voltages, or temperature beyond 
its ratings are not sufficient justification for use of the tube 
over its ratings. The tube may have short life if it is so used, 
or at some later time the manufacturer may redesign it in 
such a way that the capabilities of the tube more nearly 
coincide with the absolute maximum ratings. 

The outline drawings shown may not be truly representa- 


tive of the tube. The manufacturer may put extra width 
or length in the dimensions to insure sufficient room for 
future enlargement when tube design changes are made. An 
apparatus designer who designs his equipment around a 
sample may later find that replacement tubes are too large. 

Variation in line voltage must be considered in designing 
circuits, because such ratings as peak inverse voltage and 
peak currents, as measured by a high-speed instrument 
such as an oscilloscope, should not be exceeded. 

Short-circuit or arc-back currents should not exceed the 
surge-current ratings. Use of transformers of correct im- 
pedance or the use of additional resistors or reactors ordi- 
narily satisfies this reejuiremeint. 

Ade(|uatc ventilation must be provided for air-cooled 
mercury-vapor tubes to insure that the condensed mercury 
temperature does not exceed or fall below the rated value 
under conditions of the extreme range of ambient tempera- 
ture. Temperature rise above ambient air temperature of a 
tube depends upon the natural convection of air. Obstruc- 
tions to the natural flow of air are to be avoided. 

Heat exchangers should be used for water-cooled tubes 
wherever water analysis indicates improper purity or cleanli- 
ness of the water. Parts of many metal tubes are made of 
stainless steel where cooling water touches them. High 
chlorine concentration and silt deposit in cooling water lead 
to early corrosion and failure of such tubes. 

Circuits should be designed to operate properly by using 
tulx^s within the specified characteristic tolerances. As an 
example, circuits depending upon the accuracy of the thyra- 
tron grid-control characteristic do not represent good design. 
Control of thyratron grids should be effected by signals which 
pass through the control curves at the highest possible time 
rate so that temperature variations in the characteristic, 
variations in manufacture, and change in life do not unduly 
affect the phase of tube breakdown. 

6-3 GENERAL GAS-TUBE RATINGS 
Maximum Peak Current 

Figures G-1, 6 *2, and 6-3 show that, even if equipment is 
operated continuously, the current conducted by the tubes 
is intermittent. In addition, the wave form of the currents 
varies in different circuits. The ratio of peak to average or 
rms currents, therefore, varies. For this reason, it is not 
sufficient to specify the current as measured by electrical 
instruments in general use; oscilloscopic measurements or 
wave-form calculation must l)e used. 

The maximum current a tube can conduct safely is limited 
by several factors. If it is a hot-cathode tube, the cathode is 
usually the limiting factor. If currents greater than the 
rated peak current are passed through such a tube, emis- 
sion of the cathode may not be sufficient to furnish enough 
electrons to carry the current from the cathode. Electron 
emission then must be enhanced by the action of positive 
ions. To produce the required excess of ions, the arc drop 
of the tube increases. This voltage accelerates the ions 
moving back to the cathode, thus increasing their momen- 
tum. As these ions hit the cathode they damage it. 

Cathodes of the pool type have high electron emission. 
Peak-current limits are applied to them to limit the proba- 
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bility of arc-back. The high current causes rapid evapora- 
tion of mercury from the cathode spot. This tends to in- 
crease vapor pressure and retard the diffusion rate. Deioniz- 
ing time is increased. All these factors tend to cause the 
tube to lose control or arc-back. Therefore, the peak-current 
rating of a pool tube is controlled by the magnitude of other 
conditions, such as maximum inverse voltage. Rating tables 
for these tubes consequently have a series of peak-current 
ratings dependent upon average current rating and operating 
voltage. 


Maximum Average Current 

The average energy loss in any element of an electrical 
circuit is 



( 6 . 1 ) 


where e = instantaneous voltage across the element 

i = instantaneous current in amperes through the 
element 

t = duration of current conduction 
P = average energy loss in watts. 


The anode-cathode fall of voltage in gas tubes is nearly 
independent of current. If it is assumed to be completely 
independent, it can be removed entirely from the integral 
as follows: 

E r' 

P^ - I idt^ Eh^ (6 2 ) 

i vo 


Thus, the power loss is equal to the product of the arc drop 
and the average current. This energy loss results in the 
heating of various parts of the tube. If the tul>e is not to be 
overheated, the maximum average current rating must not 
be exceeded. 


Maximum Averaging Time 

Gas-filled tubes are often operated intermittently, as in 
control circuits. Figure 6*4 illustrates such operation. The 
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Fio. 6-4 Intermittent duty, maximum averaging time. 

current is on for a short time, followed by a period of “off" 
time. Effective temperature of the tube increases and de- 
creases. In such applications the average current conducted 
by the tube is controlled by the amount of the “off" time 
included in the quantity i in e(|uation 6-2. If a large part 
of the “off" time is included, the average current correspond- 
ing to a given cycle is decreased. To limit tube heating, the 
time t over which the current is averaged in equation 6*2 
must be limited to the manufacturer’s rated maximum aver- 
aging time. If a rating is given as an average, the corre- 
sponding maximum averaging time should be stated. 


If the tube is operated within the rated maximum averag- 
ing time, the effective temperature of the tube will not vary 
more than a few percent on continuous duty. 

The following discussion will illustrate the significance of 
the maximum averaging time concept. In Fig. 6*4, the 
variation in temperature of some critical part of the tube 
during the assumed intermittent-duty cycle is shown by the 
upper curve. The height of this curve represents eciuivalent 
temperature at any time. Average temperature is as 
shown, and the variation in the temperature is A/®. The 
temperature rise for comparatively short current duration 
is a function of the heat-storage and heat-dissipating capac- 
ity of the tube. This is expressed 
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where E = arc drop 

Ipk = P^ak current 
t = periodic time of conduction 
m = equivalent heat mass of tube 
c = thermal capacity of unit mass. 


(6-3) 
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where = average current 

k = heat-loss constant 
A = eciuivalent cooling area. 


(6-4) 


To prevent overheating the ratio A/®//® should not exceed 
a certain value. Combining equations 6 -3 and (>.4, 


A/® kAIpkt 
P mcla 


(6‘5) 


If maximum averaging time is to be considered, the basic 
equation used in applying tubes is 

Ipkt - laTn. (6-6) 

^vhere Tm = rated maximum averaging time. 


Substituting, 


Ar 



me 


(6-7) 


Thus, the value chosen for the maximum average time rating 
theoretically fixes the percentage of variation in tube tem- 
perature. 

The equivalent temperature influencing tube operation 
cannot always be measured. iSIaximum averaging time 
usually is fixed by convention and proved by test. Once 
e8tabli.shed, its use insures a nearly uniform factor of safety 
in the tube rating over a wide range of intermittent duty. 


Maximum Surge Current 

If the load circuit becomes short-circuited a large current 
passes through the tube until a circuit breaker opens or a 
fuse blows. If the impedance of the power source is small, 
large currents can pass through the tube. This may result 
in severe damage. The maximum surge-current rating indi- 
cates the regulation of the power source and speed of opera- 
tion of protective devices necessary to protect the tube dur- 
ing a reasonable number of fault conditions. Short-circuit 
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and arc-back tube currents are determined by the impedance 
of the circuits involved. They can be reduced below the 
surge-current rating by reactors or resistors in the anode leads 
or transformer primary or by choice of proper transformer 
impedance. 

If rectifiers are operated in parallel with other rectifiers, 
or used to supply power for motors, the arc-back current may 
be increased by a current feedback from the d-c bus.'®* As 
shown in Fig. 6-5, the reverse direct current from the motor 
increases arc-back or reverse surge current through the tube. 
Constants of the load circuit also are therefore important 


Peak Inverse and Forward Voltage 

Figure 6 • 1 shows that variation of the voltage across the 
tube Ls cyclic. During conduction the voltage is low but, 
when the current stops, the voltage in a rectifier circuit may 
suddenly increase to a comparatively high negative value, 
followed by a periorl of higher negative voltages. If the 
tube in Fig. 6-1 is grid-controlled, a period of positive volt- 
age comes before conduction. In inversion service the con- 
ditions are reversed; immediately after conduction a nega- 
tive peak may come as before, but it is followed by a cyclic 
period of positive voltage. 



TIME - CYCLES 


Fig. 6*5 Arc-back current in rectifier with current feedback from d-c side, (licprinted with permission from Herskind and Kellogg, “Iit*ctificr 

Fault Currents,” Tram. A.I.E.E., Vol. 64, pp. 145-1.'V0.) 


and must be considered in addition to the transformer 
impedance. 

Other factors result in a much lower surge-current rating 
than would be given if tube damage were the only consid- 
eration. There is some evidence to support the theory that 
arc-back may be influenced by the impedance of the power 
source. Therefore, reduced surge-current ratings are given 
for certain applications. This is based on commutation 
time of rectifier circuits and the rate of rise of current in arc- 
back. The first consideration limits ionization in the tube 
at the end of the conduction time, when inverse voltage is 
suddenly built up from anode to cathode. The second con- 
sideration is based on a belit'f that incipient arc-backs are 
more frequent than actual arc-backs. An arc-back may 
start but fail to develop because the time duration of the 
phenomena causing it is so short that the arc-back current 
cannot rise to a stable value before the cause disappears. If 
circuit regulation is decreased, then a larger number of 
incipient arc-backs can materialize into self-maintaining 

arcs. 


Maximum safe voltage in either the inverse or the forward 
direction is dependent upon the dielectric properties of the 
envelope, but more usually is limited by the tendemjy of the 
tube to arc back or lose grid control. Therefore, a given 
tube may have a series of peak-inversc-voltage or peak- 
forward-voltage ratings, depending upon peak and average 
currents and the temperature range of operation. 

In tubes filled with gases such as xenon, the forward and 
inverse maximum voltage ratings take on an additional im- 
portance, because the gas pressure usually is as high as it 
can be made under the voltage ratings. Exceeding the volt- 
age rating of a gas-filled tube may cause immediate forma- 
tion of a glow discharge which caases loss of grid control; 
with mercury vapor it may cause an occasional arc-back. 

Thermal Ratings 

MercAiry-vapor tubes of some types are rated in terms of 
the condensed mercury temperature range. This tempera- 
ture should be measured in the region designated by the 
manufacturer at the point where the mercury actually con- 
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tlpuses. This point usually is inunediatcly above the base 
on gliiss tubes and on specially provided radiators on metal 
tubes, as shown in Fig. 6-G. These radiators are soldered 
to thin metal tubes which have low heat conductivity and 
in which the mercury condenses. Vapor pressure in the 


-MERCURY 

H 

GLASS METAL MERCURY LOCATED 

IN RADIATOR. 

PiQ. 6 • 6 Mercury condensing points in glass and metal tubes. 

tube is closely controlled by the radiator temperature. If 
the mercury condenses in a region different from that desig- 
nated, it is a sign that the tube is not properly ventilated. If 
the mercury condenses at a point high in the tube, it falls by 
gravity to the lower part of the tube; as a result it evapo- 
rates at a higher temperature than that measured. In this 
ease, the mercury-vapor pressure is higher than necessary. 
Sometimes the falling mercury may cause internal short 
circuits. 

The pressure and density of mercury vapor at room tem- 
perature is satisfactory for operation of ionic tubes, other- 
wise the tubes could only be operated inside heated or cooled 
enclosures. The range of temperature at which the pressure 
is suitable for operation is, however, undesirably narrow. A 
range of condensed-mercury temperature from 25® to 80®C 
is about the widest that can be tolerated. 

Ventilation and cooling of mercury-vapor tubes is of the 
greatest importance. The low maximum mercury tempera- 
ture of 80®C allows only a small temperature gradient com- 
pared to a water temperature of 40®C or an ambient air 
temperature of G0®C in enclosed apparatus. The tempera- 
ture rise above ambient of a mercury tube of the hot-cathode 
air-cooled type under such conditions would have to be 
about 20®C, which is low for the amount of heat to be 
dissipated. 

Water cooling is often used because the high specific heat 
and efficient heat transfer of water help to remove a large 
amount of heat without excessive temperature Irise, and 
because the temperature of cooling water usually is lower 
than the ambient temperature of the air. 



The temperature difference between the water and the 
surface from which heat is being removed depends upon the 
velocity of water. For this reason, it is necessary to give a 
water-cooled tube a rated minimum water How. This flow 
must be independent of water temperature to insure that 
the operating temperature of the tube is not too high. 

Exceeding the maximum temperature rating may cause 
arc-back, and reduction below the minimum may cause 
insufficient vapor density for proper conduction,^® and may 
result in sudden stoppage of current. In inductive circuits 
this generates high-voltage oscillations and may cause insula- 
tion breakdown.^® The high voltages caused by the entire 
circuit appear from anode to catluxle of the tube after con- 
duction has stopped. This high voltage accelerates the 
electrons in the tube and increases ionization efficiency. 
Many ions arc formed and conduction is restarted. After 
the ‘‘surge’' voltage dies away, conduction stops again. 
Thus, a cyclic variation in the conduction of the arc is estab- 
lished. This is illustrated in Fig. 0*7. The effect is not 
limited to water-cooled tubes; air-cooled tubes act similarly 
if tube temperature falls too low. 

Purity and cleanliness of water are of great importance, 
because both affect cooling efficiency and corrosion of water 
jackets. 

Maximum temperature range can be increased by the use 
of inert gases, such as argon or xenon. With these gases, 
the temperature is limited only by the materials used in the 
tube structure, for the density of the gas is independent of 
temperature. Gas, however, has a characteristic that makes 



OPERATION WITHIN THERMAL OPERATION BELOW MINIMUM 
RATING TEMPERATURE RATING 

ONSET OF SURGING 

Fio. 6*7 Failure of mercury tube to conduct (surging) owing to low 

gas density. 

its use difficult. It dissolves in the materials of which the 
tube is made. This is known as “clean up.’’ As the tube 
operates, the gas becomes ionized and attaches itself to the 
tube fiarts. It can be recovered sometimes by heating the 
tube parts to drive off the gas. 
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For reasonable tube life, each gas tube usually is filled to 
a higher density than is necessary. As the gas ^^cleans up,’' 
a longer time interval is available before the gas density 
becomes too low for satisfactory operation. The use of this 
higher density limits the dielectric strength of the tube in 
the inverse direction, so gas-filled tubes usually are best 
adapted to low-voltage circuits. These limitations are not 
inherent and will be minimized as knowledge of the preven- 
tion of ‘^clean up” incre^ases. Mercury vapor also ‘^cleans 
up” ; but an excess of mercury can be provided, thus making 
vapor density a function of temperature, regardless of the 
amount combined with the tube parts. 

6-4 ARC-DROP VOLTAGE 

Anode-to-cathode voltage of a gas- or vapor-filled tube 
during conduction is known as arc drop. This drop usually 
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Fig. 6*8 Arc drop of typical ignitron as a function of peak current 

conductefl. 

is considered to be independent of the current conducted, 
but this is an approximation because experiment demon- 
strates that arc drop i.s a rising function of current. Fig- 
ure 6*8 shows a typical arc-drop curve plotted as a function 
of peak current. Actually, arc drop varies with several 
other factors such as the vapor pressure. Usually the entire 
arc drop is insignificant in (luality of circuit performance 
and is of interest only in computation of tube losses and 
over-all circuit efficiency. The arc-drop wave form as 
determined by an oscilloscope during tube operation is not 
flat, but is square in shape with a superimposed ‘‘hump” 
Avhich is dependent upon instantaneous current. 

Usually these minor effects are neglected and the average 
value of arc drop is determined by approximate integration 
of the arc-drop wave form for a circuit of the same general 
type in which the tube is most generally used. The arc- 
drop curves generally given, therefore, are not volt-ampere 
characteristics because they are not functions of instan- 
taneous arc drop and conducted current, but arc only aver- 
aged values corrected with respect to the peak current level 
at which the tube is to operate. 

Because arc drop is a function of many variables, most 
tube-data sheets give only nominal values to indicate that 
the tube is of the low-loss type. 


The arc drop of a hot-cathode tube differs in some respects 
from that of a tube of the pool type. Cathode emission is in 
general a function of the field at the cathode. If thermal 
emission is low, the current demanded by the circuit is 
obtained by an increase of voltage drop at the cathode. 
This drop added to the drop through the plasma results in 
increased arc drop. More variation is to be expected in arc 
drop of hot-cathode tubes than in tubes of the pool types, 
but it usually is a measure of tube quality and circuit effi- 
ciency rather than a characteristic influencing circuit 
operation. 

A mercury arc is somewhat unstable at low currents, so 
the arc drop may rise rapidly at the end of a conduction 
cycle. In inductive circuits the voltage generated by the 
inductance may rise to high values. Resistors are often put 
in parallel with the arc or load to provide paths for current 
and reduce inductive voltage. 

6-5 RATINGS AND CHARACTERISTICS OF HOT- 
CATHODE TUBES 

Heater or Filament Voltage 

The voltage at which the heater of an indirectly heated 
cathode or the filament of a direct heated cathode is operated 
is (luitc critical. Standard tolerance is ±5 percent. In 
some types of vacuum tubes, current can be limited by 
reducing the emission of the cathode. Such reduction causes 
the tube to operate at saturation with a high anode-cathode 
voltage. If gas pressure is low so that the gas is not ionized, 
such operation does not damage the cathode. In a gas tube 
the shortage of electron emission caused by low-temperature 
operation of the cathode is made up by ionic conduction, 
which increases cathode emission by field emission. The 
result is the same as discussed under Maximum Peak Cur- 
rent in Section 6-3. There is also a tendency for the dis- 
charge to form an arc on the cathode surface to increase the 
field emission. This formation of a concentrated arc is 
often called sparking, and it will materially damage the 
cathode. 

Operation of the cathode at a temperature above the 
rated value shortens tube life because of the high evapora- 
tion rate of the oxide coating. 

Heater or Filament Current 

At rated heater or filament voltage the heater or filament 
current is a characteristic of the tube. It is given in the 
characteristic sheet to aid in the design of filament trans- 
formers. Many of these transformers are designed with 
high voltage regulation. Filament-current tolerance then 
is of importance in determining the constancy of the fila- 
ment voltage with a given transformer tap setting when 
tubes are replaced in the socket. 

The product of heater or filament voltage and current is 
the heating power in watts. It represents an added power 
loss and causes a loss of efficiency. In gas tubes this loss is 
to some extent under the control of the tube designer. The 
cathode can be designed so that the emission area Ls deeply 
recessed in the cathode structure, as illustrated in Fig. 6*9. 
The plasma extends into these cavities so that electrons 
emitted from the enclosed surfaces become available for 
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eventual conduction to the anode, and at the same time the 
radiation-emitting area can be made quite small. The 
cathode structure can be surrounded by several sheets of 



VACUUM GAS 

Fia. 6*9 Thermal efficiency of cavity cathodes in gas-hlled tubes. 


bright metal, as shown in Fig. 0*10, which act as radiation 
shields reflecting energy from the cathode and further reduc- 
ing the heat losses. 



Fio. 6* 10 T 3 r]>ical design of deep-cavity cathode showing reflector 
heat-conservation methods. 

Cathode-Heating Time 

As improvements in the cathode-heating efficl&ncy are 
made, the ratio of energy input to cathode mass decreases. 
Total stored heat at a given temperature increases with 


mass. The time required to heat the cathode to a given 
temperature is a function of the heat mass and the input 
heating energy. As heating energy is reduced, time in- 
creases. Therefore, the tendency is to make the heating 
time as long as possible without sacrificing convenience in 
use. Cathode-heating time is a characteristic of the tube 
design and is shown in tube-data sheets. Failure to wait 
the specified time before starting conduction causes troubles 
similar to those resulting from reduced cathode-heater 
voltage. 
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Fio. 6-11 Typical variation of thyratroii critical grid-voltago curve 
as function of condeiist'd-intTciiry temperature. 

Heating time can be reduced somewhat by using light 
parts for cathodes. This may result in low surge-current 
ratings, because the light parts may not be able to carry the 
large currents without damage. 

The use of a direct-heated shielded cathode has some 
advantage in reducing heating time. In an indirectly heated 
cathode the heater usually is a coil of bare-tungsten wire. 
The coil must be heated first, and the temperature rise of the 
emitting surfaces follows. In a directly heated shielded 
cathode, the emitting surfaces are heated first, thus saving 
some heating time. 

In mercury tubes the cathode-heating time may be less 
than the time required to heat the tube to operating tem- 
perature. If the ambient temperature of the tube is less 
than the minimum condensed-mercury temperature rating, 
the tube is heated by energy loss from the cathode. This 
may require more time than to heat the cathode to its oper- 
ating temperature. 
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6-6 RATINQS AND CHARACTERISTICS OF The critical curve of the control grid can be changed by 

THYRATRONS changing the shield-grid-to-cathode potential. Usually the 


Thyratrons differ from other gas or vapor tubes by having 
one or more grids which control the starting of conduction 
of current through the tube. 


Critical Grid Voltage 

The blocking grid voltage of a thyratron is a fun(;tion of 
anode voltage, tube temperature, or gas pressure, as shown 



Fig. 6- 12 Typical variation of tliyratron critical grid-voltaKc curve 
an function of cal luxlc-licater voltage. 

in Fig. 6-11. Cathode omission also is important, as shown 
in Fig. 6-12, where emission is caused to vary experimentally 
by vaiying the cathode-heater voltage. In addition to these 
variations, a production variation in tube dimensions causes 
further variations in the grid-control curve. 

These characteristics sometimes are depicted as broad 
regions, as shown in Fig. 6 • 13, instead of as sharply defim'd 
lines. Showing the characteristic in this way reduces the 
number of applications requiring high accuracy of the grid 
characteristic. 

Shield-Grid Characteristics 

Shield-grid or four-element thyratrons have two grids. 
The shield grid shields the control grid from the cathode and 
from the anode. By shielding the control grid from the 
cathode, less of the coating evaporated from the cathode is 
deposited on the grid. This coating on the grid promotes 
grid electron emission and must be minimized. By shielding 
the control grid from the anode, the anode-to-grid capaci- 
tance is reduced. This is important in reducing false opera- 
tion upon sudden application of anode voltage (Fig. (5* 14), 


grid is connected to the cathode but, as shown in Fig. 6-15, 
a family of curves can be drawn to show the control-grid 
critical curve as a function of shield-grid potential. In this 
manner, a negative-control tube can be made to operate as a 
positive-control tube. If the potential of the shield grid is 
held negative so that the control-grid critical curve lies in a 
region of positive voltage of magnitude greater than the 



D C. GRID VOLTS 

Fig. 6- 13 Grid-control charact/eristic curve showing area of toler- 
ance. 

ionizing potential of the gas in the tube, the voltage neces- 
.sary to cause the tube to start conducting may become con- 
siderably greater than the voltage to which the control grid 
must be redViced to prevent conduction. This is because 
the positive control grid draws a small current after the tube 
has started to conduct. This current is sufficient to keep 
the tube ionized. The potential of the control grid must 
be reduced below the ionizing potential to be completely 
certain that the current is stopped. A reduction to a value 
greater than the ionizing potential may at times be sufficient 
if the ionization becomes unstable. However, difficulty on 
some d-c control circuits may result. 

Grid Characteristics 

Grid-current characteristics before conduction ** * follow 
the course shown in Fig. 6 *16. The dotted curve Ls based 
on the assumption that there is no grid electron emission or 
leakage current. The anode is assumed positive. Starting 
with a large negative grid potential, the grid current is at 
first zero; the tube is not conducting because the field at the 
grid is highly negative and prevents electrons from leaving 
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the cathode. As the grid is made more positive, electrons 
begin to move to the anode from the cathode. They gen- 
erate positive ions which are attracted to the negatively 



charged grid. Thus, the grid current is at first negative. 
As the grid is made more positive, electrons of high velocity 
begin to force their way to the grid against the opposing 



Fiq. 6-15 Typical grid characteristics of a shield-grid thyratron. 
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potential, and the current at first decreases and then becomes 
positive as electron current increases. The grid is not always 
able to go through this complete cycle before the grid space 
charge becomes high enough to shield the grid, and tube 
conduction results. 

The straight line in Fig. 6*16 is the regulation charac- 
teristic of a bias battery and scries resistor. Voltage on the 
grid corresponds to the intersection of this line with the grid- 
current characteristic. Actual bias voltage ahead of the 
resistor at anixie-to-cathode breakdown is a function of the 
size of the grid resistor. Grid current usually is increased by 
electron-emission current from the grid in addition to the 
currents previously described. This is shown by the line so 
marked in the diagram. Measurements of grid currents 


POS. 



Fiq. 6 16 Diagram of thyratron grid-current characteristic before 

conduction. 

usually are taken by measuring the change in apparent 
breakdown voltage caused by the use of two values of grid 
resistors. A maximum value of this grid current before 
conduction is given in the manufacturer’s tube-rating sheets 
under grid characteristics. 

After the tube has begun to conduct, the grid current 
conforms to the phenomena described in Section 4*5. When 
the grid is negative, it collects ions, and when it is pasitive it 
collects electrons. The magnitudes of these currents are 
proportional to the anode currents. They follow the gen- 
eral course of the curves shown in Fig. 6-17. 

Two grid-circuit regulation lines are shown, one corre- 
sponding to negative bias and the other to positive bias. 
Under either condition the actual grid potential as obtained 
from the intersection of these lines with the grid-current 
curves differs little from the cathode potential. During 
conduction the grid potential is slightly positive. If the 
anode current is small, or if grid resistance is low, the actual 
grid potential can become negative. Damage from ion bom 
bardment of the grid coating may result. Some manufac- 
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turers rate the grid at a maximum of 10 volts negative after 
conduction to prevent such damage. 

Grid Ratings 

If grid resistance is too small, a heavy electron current may 
be drawn to the grid when the grid bias is positive. This 
causes heating of the grid, which is undesirable because its 



Fi<j. 6*17 Diagram of thyratron grid-current characteristic after 

conduction. 

temperature should be kept as low as possible to minimize 
electron emission from the grid. In small tubes the (airrent 
to the grid added to the anode current may overload the 
cathode. The ratings ‘‘maximum grid-current, peak posi- 
tive, anode positive and “maximum grid-current, average 
positive, anode positive^ ^ arc used as guides in determining 
whether such overloading may occur. 

In high-voltage tubes, the control grid should not be more 
positive with respect to the cathode than the ionizing poten- 
tial of the gas, as current drawn to the grid may cause the 
tube to arc back. This may not be too serious if grid-circuit 
resistance is high enough to limit the grid current to a small 
value. The rating applying here is “maximum grid-current, 
peak positive, anode negative.’^ 

If the grid voltage is negative when the anode is positive, 
the anode-to-grid voltage becomes the highest in the tube. 
Therefore, the probability of false discharge is increased. 
The rating covering this is “maximum grid voltage, peak 
negative, before conduction.^* 

Ionization and Deionization Time 

If grid potential is suddenly changed from negative to 
positive value greater than the critical voltage and held a 
few microseconds and then made negative again, ionization 
may not build up enough to cause the tube to conduct. The 


time required for the tube to ionize is called ionization time, 
and is a characteristic of the tube. It is a function of several 
variables, among which are anode voltage, grid voltage, 
tube temperature, and gas pressure.® Most rating sheets 
show only a nominal ionization time, usually 10 microseconds. 

If the alternating supply frequency is increased too far, 
a gas or vapor tube which had previously operated correctly 
may fail to regain grid control between conducting cycles. 
This is because the anode-cathode space docs not clear of 
ions before the tube is required to block. The time neces- 
sary is called the deionization time, and it depends upon 
diffusion of ions through the gas or vapor to the tube walls 
where they are neutralized after the conduction period. 
Tube-data sheets usually show only a nominal deionization 
time. The value usually given (except for specially designed 
tubes) is 1000 microseconds. 

Grid-Capacitance Characteristics 

Electrodes of all tubes are coupled electrostatically. One 
effect of this coupling is to make grid potential a function of 
anode potential. The change in grid voltage is determined 
by the potentiometer effect of the anode-grid and grid- 
cathode capacitances. If anode voltage is suddenly increased, 
the grid potential increases positively, tending to cause the 
tube to conduct. If the grid is properly biased, it is charged 
negatively, and this charge must be reversed before grid 
voltage can become positive with respect to the cathode. 

A wave-form diagram of this is shown in Fig. G- 18. Hero 
it is assumed that anode voltage is applied suddenly to a 
triode. The original grid voltage is negative because of the 
charge put on it by the bias battery. As anode voltage is 
applied s\iddenly, the charging current through the equiva- 
lent condensers is large. This current charges the upper 
capacitor and discharges the lower. If the lower capacitor 




anode potential. 


is discharged and recharged oppositely, the grid potential 
becomes momentarily pasitive and the tube may start con- 
ducting without a definite grid signal. 

The time the grid is positive is directly proportional to 
series grid resistance or in general to the impedance in the 
grid circuit. Even though the grid potential is positive 
during a disturbance, the tube will not fire provided that 
the time the grid is positive Is less than the ionizing time 
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corresponding to the anode potential, temperature, and the 
like. The grid circuit also serves as a wave trap for un- 
wanted induced signals. 

Shield-grid tubes have reduced anode-grid capacitance 
and thereby minimized danger of “shockover.^’ However, 
they often have extremely sensitive grids and control-grid- 
to-cathode capacitors are required for the wave-trap function. 


6-7 CHARACTERISTICS AND RATINGS OF MULTI- 
ANODE POOL-TYPE TUBES 

Older types of tubes having pool cathodes were most often 
made in the multianode form, similar to that shown in Fig. 
6*19.’ Most of the ratings previously discussed apply to 
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Fio. 6*19 Multianodc mercury-arc rectifiera. 


multianode tubes. The arc spot is maintained by a con- 
tinuous current through the cathode. The direct output 
current on polyphase circuits does not stop even on resist- 
ance loads, unless the tube is grid-controlled and the starting 
point is delayed sufficiently to cause anode voltage to be- 
come negative. If such operation is desired, a separate 
circuit must be used to cause an auxiliary current to pass 
through the cathode to maintain the arc spot independently 
of the anode currents. Minimum current and voltage in the 
auxiliary circuit becomes an important characteristic of the 
tube. Maximum currents and voltages also become ratings. 

If such a tube is grid-controlled, the grid must prevent 
conduction to the anode by preventing positive ions gen- 
erated in the auxiliary anode arc or from the arc current to 
another phase from entering the grid-to-anode space. Such 
a grid may require a rather large grid current before break- 
down. To minimize this, additional baffles are interi}osed 
between the grid and arc space to help deionize the space 
around the grid. The tube is designed with a fairly large 
distance between anode and cathode. Such distance and 
extra baffles cause additional arc drop. It is necessary to 
provide some means of initiating the arc and maintaining it. 
This is done by making and breaking a circuit to the mercury 
pool so that the interruption of the current causes break- 
down. The arc may go out at times if, for example, the load 
current should intermittently stop. The initiating device 
muvst therefore be capable of restriking the arc automatically. 
Several methods of restriking are used. The usual method 
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is to use a moving electrode controlled by a magnetic coil. 
Power required to operate the starting mechanism becomes 
a characteristic of the tube. 


6-8 CHARACTERISTICS OF EXCITRONS 

The Excitron is a single-anode tube of the pool type which 
requires a continuously operating auxiliary arc with charac- 



Fia. 6-20 Excitron. (Reprinted with permission from Winograd, 
“Development of the Excitron Type Rectifier,” Tram, A.I.E.E,, Vol. 
63, pp. 969, 978.) 

teristics similar to those mentioned in Section 6-7.® These 
auxiliary arcs may be of the full-wave a-c type or of the d-c 
type supplied from an auxiliary rectifier (Fig. 6-20). 

The control function is obtained by a grid. The cathode 
must be separated from the tube walls to prevent the arc 
spot from moving to the edge of the mercury pool and attach- 
ing itself to the metal walls. This may be done by insulating 
the cathode from the tube walls or by interposing baffles. 

Ratings and characteristics are similar to those described 
for tubes of the pool type. 

6*9 RATINGS AND CHARACTERISTICS OF IGNITRON 
RECTIFIER TUBES 

Iguitrons are used for two major purposes: power rectifi- 
cation and inversion (Figs. 61 and 6-2) and control switch- 
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Ratings and Characteristics of Resistance-Welder Control Ignitrons 


ing of alternating currents as in resistance-welding control 
(Fig. 6*3). The first application requires continuous duty 
and low probability of arc-back; the latter requires inter- 
mittent operation and conduction of large currents. In 
general, tubes are designed especially for each type of 
application. 

Low-Voltage Ignitron Rectifiers 

Rectifier ignitrons have deionization baffles between anode 
and cathode. These may or may not be connected to exter- 
nal circuits by sealed-in leads. The purpose of these parts 
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Fia. 6*21 Healed ignitron for n*ctification .service. 


is to shield the anode from the influence of the cathode by 
deflecting high-velocity particles away from the cathode 
and by providing surfaces at which the ions can combine 
with electrons and thereby be neutralized. A cross section 
of a sealed-off rectifier ignitron rated for d-c operation at 
300 and 600 volts is shown in Fig. 6-21. 

These tubes are rated at continuous duty, 150 percent 
of continuous duty for 2 hours, and 200 percent for 1 minute. 

Current ratings depend upon tube voltage, being de- 
creased as the voltage rating increases. Other ratings are 
similar to those for tubes previously described. In pulse- 
excitation circuits a small auxiliaiy anode lengthens the 
time during which the arc spot is available for anode pick-up. 
The original necessity for this extra firing time was on inter- 
phase-rectifier circuits with separate pulse ignitor excitation 


where the circuit was required to operate on either three or 
six phases. Ratings for this small anode are dependent 
upon the polarity of the main anode because the ability of 
one anode to resist arc-back depends upon the ionization by 
the other anode. 

High-Voltage Ignitron Rectifiers 

Ignitrons now are being developed for operation from 
10 to 20 kilovolts. These high-voltage ratings are obtained 
by the addition of voltage-dividing grids which reduce the 
length of the conducting paths on which the large inverse 
voltages arc impressed.® 

Rectifier Ignitors 

Rectifiers have two ignitors for long life. Either of the 
ignitors will operate the tube satisfactorily throughout its 
life, yet in rectification the duty is often continuous and 
requires a liigh percentage of duty on the ignitor. The use 
of two ignitors may be discontinued if experience proves it 
unnecessary. 

Ignitors used in rectifier ignitrons have been developed 
for duty of this type with consideration for the variety of 
methods used in designing firing circuits. In general, con- 
tinuous operating characteristics and long life are more 
important than intermittent operating characteristics. 

6-10 RATINGS AND CHARACTERISTICS OF RESIST- 
ANCE-WELDER CONTROL IGNITRONS 

Duty on an ignitron in resistance-welding control is illus- 
trated in Fig. 6*3. Current is nearly sinusoidal, and the 
forward and inverse voltages are a function of the amount 
of phase delay. If there is no phase delay, the voltage 
across the tube after conduction is only that required to fire 
the ignitor of the succeeding tube, except of course at the 
end of a conduction period when the full line voltage must 
be blocked. 

If the tube is operated with phase delay, conduc.tion in 
each cycle is followed immediately by a sudden application 
of inverse voltage. The tube must block an equal forward 
voltage one-half cycle later. 

If the impedance of the welder is constant, phase delay 
in firing causes a reduction in current, as shown in Fig. 6 • 3. 
This reduction in average current reduces heating in the 
tube. 

Duration of inverse voltage increases when the phase is 
retarded; therefore arc-back or forward fire is more probable. 
Reduction in current reduces heating and iiKTeases time of 
application of inverse voltage. The two effects are to some 
degree compensating. The tube is performing its most diffi- 
cult function on a given load impedance when the circuit is 
being operated with a delay in ignitor firing of about 10 de- 
grees from full-cycle operations. 

All ratings of welder-control ignitrons are made on the 
basis of zero phase retardation, or full-cycle conduction. 
Even though a welder may operate with considerable phase 
reduction, the tubes are applied as though the welder were 
to be operated with no phase retardation. 

The use of baffles would hamper the passage of large inter- 
mittent currents in welder-control tubes. Arc-back is not 
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so serious in this class of service for it does not cause the 
transformers to be short-circuited as in rectification service. 
For this reason welding-control tubes in general are made 
without baffles between cathode and anode (Fig. 6*22). 


Ignitron-Welding Ratings 

Sine-wave voltages and currents are assumed, and all 
ratings, where possible, are in rms values. The instantaneous 
rms current conducted by a pair of ignitrons connected in 
inverse parallel is called the demand current. The product 



Fig. 6*22 Sealed ignitron for resistance-welder control. 


of supply voltage and rms demand current is known as the 
kilovolt-ampere demand within the rated supply-voltage 
range. 

A formal co-ordinated system of rating has been set up to 
insure that the line of tubes covers the field of application 
to the best advantage (Fig. 6*23). Maximum-demand kva 
rating increases by a factor of 2, and rated average current 
increases by a factor of 2.5 between successive sizes. The 
maximum average-current rating is valid up to a demand 
kva rating of one-third the maximum. At the maximum- 
demand kva rating the average current rating is decreased 
to 54 percent of its nominal value. Intermediate points are 
determined by logarithmic interpolation. 

Curves showing demand current for given supply voltages 
as a function of the percentage of duty are given in tube-data 
sheets. These are chosen to be representative of 220- and 
440-volt circuits, which are most often used. Examples are 
shown in Figs. 6*24 and 6*25. 


Maximum averaging time also is a formalized rating. It 
is based on the rating of 3^^-second continuous duty at the 



AVERAGE ANODE CURRENT - AMPERES PER TUBE 

Fig. 6-23 Demand kva ratings of ignitrons for welding service as 
function of average current. 

maximum kva rating. This determines the maximum aver- 
aging time. It can be determined by the following formula: 

Id 

Tm — 0.225 - seconds (6*8) 

Ia 

where Tm = rated maximum averaging time 
lo — maximum-demand current rating 
I A = average-current rating at maximum-demand 
current rating. 



Fig. 6*24 Demand-current ratings of ignitrons for welding service 
as function of percent duty for 200- to 250-rms volt circuits. 
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The figures given in the rating sheet are ‘‘rounded 
values computed from this equation. Percentage of duty 
determined from the current-rating curves multiplied by the 
maximum averaging time is equal to the longest time of con- 
tinuous operation allowed under the ratings at the given 
demand current. Such an impulse of current can be repeated 
at a period equal to the maximum-averaging-time rating. 

Since maximum-demand current rating increases by a 
factor of 2 and the average-current rating increases by a 
factor of 2.5 between tube sizes, the rated maximum aver- 
aging time changes by a factor of 0.8 between sizes. 



Fio. 6-25 Demand-current ratings of ignitrons for welding service as 
function of percent duty for 4(X)- to 500-rins volt (circuits. 

On intermittent duty consisting of irregularly timed 
blocks of current of differing values of demand current, 
application of an ignitron must be based on the highest 
average current in any time period not longer than the 
maximum averaging time. 

There is no restriction on how short a period of time may 
be used to compute average current per tube, but it must be 
taken at such a time in the welding cycle that the highest 
possible average current is obtained. 

Welding-Control Ignitors 

Ignitors used in welding-control ignitrons are developed 
chiefly for their characteristics in intermittent duty. Their 
ability to start the tube when it is cold is of primary im- 
portance. Usually ignitors in welding-control circuits are 
operated by so-called anode firing, as shown in Fig. 6*26. 
Ignitors are connected to the anode through a thyratron. 
When the ignitron begins to conduct, ignitron voltage falls 
and becomes too low to cause current through the thyratron 
in series with the ignitor. Current and voltage for operating 
the ignitor are drawn from the load. Therefore, operation 
of the ignitor depends upon the size of the load controlled by 
the ignitrons. As shown in Fig. 6 *27 the current to such a 
load usually lags the voltage by an angle dependent upon 


load power factor. When the control thyratron operates, 
supply voltage is applied to the ignitor through the in- 
ductance of the load. Ignitor voltage and current are zero 
initially and will rise at a rate determined by load induct- 
ance, until current through the ignitor rises to the firing 



Fia. 6-26 Anode-firing connection of ignitrons in resistance-welder 

service. 

value. Ignitor firing time, measured from the time at which 
the thyratron begins to conduct, varies with the circuit 
constants as well as with the ignitor characteristics. Below 
the firing point, current causes the ignitor to heat, and in 
general tends to increase firing current. 

If the impedance of the load is low, the source voltage is 
impressed on the ignitor through the series-current-limiting 
resistor. In such a circuit (Fig. C*2fi), current and voltage 
rise abruptly and continue until the ignitor fires. In this 
example the ignitor-firing ihne is clearly defined. In the 
rating sheet, “ignitor voltage, maximum positive peak 



Fig. 6*27 Wave form of ignitor current and voltage as influenced by 
luad impedance. 

required'^ and the similar current characteristic indicate the 
values required. Applied constantly, they cause the ignitor 
to fire in less than “ignition time maximum.’’ If the imped- 
ance of the load circuit is high, and anode firing is used, 
firing time may be longer than the indicated rating because 
the voltage applied to the ignitor is insufficient to fire the 
ignitor during much of the time. 
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The time required for ignitor current to rise to the firing 
value can be computed from the transient-current fonnulas 
for an LR (circuit started at a time other than that of steady 
state. Ignitor impedance can be considered to be equal to a 
resistance given by the quotient of maximum firing voltage 
and current. 

Figure 6*28 is for a particular case. Ordinates give firing 
voltage and abscissas give ignitor-firing current. Let it be 
assumed that an ignitor would fire at 100 volts, 6 amperes. 



Fio. 6*28 Example diagram of ignitor firing time for load-circuit 
constants as given. 

The curves indicate that a time slightly greater than 10 elec- 
trical degrees would be required for ignitor current to rise 
to this value. An ignitor having a characteristic corres- 
ponding to a point outside this system of curves would 
never fire. 

This system of curves is plotted for the most difficult 
firing conditions permitted by the ratings: 

120 degrees phase retardation from voltage zero 

220-volt supply 

40 amperes rms demand 

0.26 power factor 

1 ohm series ignitor resistance 

Delay in firing does not represent a complete delay in 
load-current conduction, because the ignitor current passes 
through the load. Load current is somewhat reduced by 
the ignitor resistance until after the ignitor fires. ^Variation 
in ignitor characteristics can cause a slight variation in 
welder current. 


6-11 CHARACTERISTICS OF COLD-CATHODE 
TUBES 

The general theory of conduction between cold electrodes 
in a gas vapor is described in Section 4 • 10. Electron emis- 
sion from the cathode is assumed to be due to positive-ion 
bombardment of the cathode. Other mechanisms — photo- 
electric emission from the cathode, and production of elec- 
trons in the gas by collision of positive ions and electrons — 
might be assumed, but the assumption of positive-ion bom- 
bardment is the most straightforward. 

Cold-cathode tubes have higher cathode-to-anode oper- 
ating voltages and breakdo\Mi voltages than hot-cathode or 
pool-type gas tubes. (3perating voltage is the sum of cathode- 
fall voltage, plasma voltage, and anode-fall voltage. Start- 
ing voltage is the “sparking’^ voltage described previously. 
All these voltages depend upon the ionizing potential of the 
gas, density of the gas, spacing, and the material of which 
the cathode is made. 

By using materials wnth efficient surfaces, for production 
of electrons by positive-ion bombardment, cathode-fall volt- 
age can be reduced from the values given for pure-metal 
surfaces. In general, however, the voltage drop of cold- 
cathode tubes in a glow discharge is around KK) volts, in 
contrast to 10 volts for hot cathodes. 

By use of electrodes of widely difTerent areas, anode- 
cathode voltage can be made a function of polarity so that 
some rectification can be obtained. 

Current that (ran be conducted by a tube operating on the 
glow characteristic is in milliamperes, but if the diserharge 
at the cath(xle can be changed from a glow to an arc, much 
higher currents can be conducted. 

In cold-cathode tubes cathode heating is not required. 
This is an advantage where the tube acts in a stand-by 
capacity, as in protective circuits. There is no delay in 
heating the cathode, as there is in hot-cathode tubes. 

Cold-cathode tubes are often used as protective ‘‘gaps.'' 
These can operate as cold-cathcxle glow tubes with a break- 
down voltage characteristic for initial breakdown of several 
hundred volts and a tube voltage drop of about 100 volts 
or, if heat-resistant electrodes are used, the current can be 
allowed to increase and form an arc, the voltage drop of 
which is from 10 to 15 volts. Some of these tubes do not 
conduct after the tube voltage falls below’' a certain “drop-out 
voltage." These tubes, in general, are of the glow^-discharge 
type. Other types continue to conduct until the circuit is 
opened. These can be of the arc-discharge type. 

The nearly constant anode-cathode operating voltage of 
the glow tube can be used for voltage regulation of small 
circuits. The tube is connected to the source through a 
resistor, and the load is connected across the tube. As 
source voltage varies, the current through the tube varies 
but the tube drop and the load voltage remain essentially 
constant. 

Addition of a third electrode makes a glow-discharge tube 
controllable in a manner similar to the thyratron. The third 
electrode can be used as a “trigger" for a positive control 
device. When the glow is started by the third electrode 
the space ionizes, thus reducing breakdown voltage of the 
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second electrode, which in turn breaks down. By proper 
choice of spacings of the various electrodes (even though 
the gas pressure in the bulb is the same for all electrodes) 
they can be made to have different breakdown voltages. 

The materials of the various electrodes influence break- 
down voltages and voltage drops. The areas of electrodes 
influence the volt-ampere characteristic of the electrode 
combination. 

Characteristics of cold-cathode tubes may be complicated. 
For some tubes the grid-voltage anode-voltage control char- 
acteristic becomes a closed curve surrounding an area in.sidc 
which the tube conducts no current and outside of which it 
docs conduct. In general, ratings are similar to those for 
thyratrons. 
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PHOTOELECTRIC DEVICES 

W. W. Watrous and D. E. Henry 


P HOTOELECTRIC effect may be defined as an elec- 
trical change which is produced by the absorption of 
radiation by matter. This is a rather broad defini- 
tion, and to make it less inclusive it is customary to include 
only electrical changes in which electrons are freed from 
atoms so that they constitute an electric current. The 
definition should be further modified to exclude radiant 
energy with wavelength longer than infrared. 

Credit for the discovery of the photoelectric effect, upon 
which the modem phototube is based, goes to Heinrich 
Hertz.^ ♦ He made this discovery in 1887 while he was en- 
gaged in experimental verification of Maxwell's electro- 
magnetic theory of light. 

Hertz discovered that the length of a spark induced in an 
auxiliary micrometer gap was reduced if the light from the 
primary spark was prevented from falling on the gap. He 
traced this effect to ultraviolet generated in the discharge 
of the main gap, which fell on the electrodes of the second 
gap. The effect was increased if a large, clean plate was 
used as the negative electrode. 

Hertz did not continue his investigation, but Wilhelm 
Hallwachs * took up the problem. He believed the effect 
was not dependent upon ascillatory spark discharges. Hall- 
wachs’ investigations showed that a clean zinc sphere con- 
nected to a gold-leaf electroscope and negatively charged 
would lose that charge if illuminated by light from an elec- 
tric arc. He found further that light had no effect on a 
positively charged sphere, but that if the positively charged 
body was placed in the neighborhood of a negatively charged 
body which was irradiated by light, the positive body would 
lose its charge. Hallwachs concluded from these experiments 
that if a body is irradiated by ultraviolet radiation, negative 
electricity leaves the body and follows the electrostatic lines 
of force. In 1899 this negative electricity was identified by 
Lenard * and Thomson ^ as electrons. The effect discovered 
by Hallwachs is often known as the Hallwachs effect. 

Several other investigators continued the study of the 
photoelectric effect. The most comprehensive work was 
accomplished by Elster and Geitel;* who first showed that 
certain alkali metals, particularly sodium and potassium, 
when amalgamated by mercury, become photoelectrically 
sensitive to visible light as well as to ultraviolet radiation. 

• Actually the discovery of the photovoltaic effect by Bocquerel in 
1839 and of photoconduction by Smith ** in 1873 precede the discovery 
of photocmission. Both these effects, although not truly ^'electronic’ 
phenomena, are discussed in Sections 7*18 and 7*19. 


Because active surfaces such as sodium and potassium 
cannot be kept clean in air, they enclosed the sensitive sur- 
face in an evacuated glass bulb.®* ^ This was the forenmner 
of the modern phototube. To Elster and Geitel must also 
go the credit for conceiving the first gas phototube. The 
same observers studied the effect of polarized light on a 
photo surface. 

7.1 FUNDAMENTAL LAWS 

To understand the action of a photoelectric device, it is 
necessary first to become familiar with the fundamental 
laws of photoelectric emission. These laws show the rela- 
tionship of the initial velocities, direction, and the number 
of electrons ejected from the photo surface to the variables 
of radiation intensity, frequency, and state of polarization. 

First Law 

The relation of photoelectric current to light intensity has 
been tested for the full range of light intensity. When cor- 
rections were made for errors in measurement, and for 



Fia. 7*1 Current-illumination curve for a typical vacuum phototube 
at voltage saturation. 

spurious effects in the particular surface employed, the fol- 
lowing law was evolved: Photoelectric current ia directly pro^ 
portional to the irUenaity of the incident light. Figure 7*1 
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shows a plot of the relation between photoelectric current 
and illumination. 

Second Law 

The second law of photoemission is based on the quantum 
theory of radiation. The quantum theory was first proposed 
by Max Planck ® and later adopted by Einstein ® to explain 
the connection between the energy of the emitted electron 
and the frequency of the radiation. This law was confirmed 
by several investigators , ^2 and is expressed mathe- 
matically by equation 2 -IS. It is: The maximum energy of 
the emitted photoelectrons is a linear function of the radiation 
frequency and is independent of the intensity of that radiation. 

Third Law 

The third law of photoemission is derived from Einstein^s 
original eejuation, and its expression is shoAvn by equation 
2 '20. The third law may be stated: The maximum wave-- 
length at which photoemission occurs is dependent only upon 
the work function of the material of the photosensitive surface. 

Fourth Law 

This law Ls concerned with the efficiency of emission. A 
spectral distribution curve, for example Fig. 7* 11, plotted 
with absolute values as ordinates, shows the spectral sensi- 
tivity, or photoelectric yield for a particular surface over a 
wide band of wavelength. When the photoelectric current 
per unit radiant energy has been reduced to ^^clectrons per 
absorbed quantum,” it is known as the quantum yield, or 
quantum efficiency. This efficiency is a true measure of the 
performance of a photosensitive surface at a particular wave- 
length. In magnitude it varies from 10“^ percent to more 
than 30 percent. Quantum efficiency varies greatly with 
the type of surface, fnHpiency of incident radiation, and 
state of polarization of the radiation. A theoretical maxi- 
mum efficiency is reached when the energy in the electrons 
ejected from the cathode surface is equal to the energy of the 
absorbed radiation quanta. Thus, true efficiency is given 
by the ratio 

Quantum yield at wavelength X 
Maximum theoretical quantum yield Omax 

Figure 7-2 shows dx/Bnuix plotted as a function of wavelength 
for two types of surfaces. Surface 1 is a pure-metal surface, 
and surface 2 is a composite surface such as cesium-oxy gen- 
silver. These curves show the great dependence of quantum 
efficiency on wavelength and surface. 

All investigators have found great differences in 

the amount of spectral selectivity depending upon the 
material of the surface, the amount of gas absorbed, the 
thickness of the sensitized layer, and the state of polariza- 
tion of the incident light. 

The fourth law may be stated: Quantum efficiency depends 
upon the nature of the surface , on the wavelength of the incident 
light f and upon the state of polarization. No detailed law can 
be postulated to show the exact relationship involved. 

Fifth Law 

Without a detailed discussion, the fifth law may be ex- 
pressed: The distribution of electrons emerging from a metal 


surface is always symmetrical about the normal to the surface, 
regardless of the angle of incidence or plane of polarization of 
the incident light. 



Fio. 7-2 Quantum yield-wavolcngth curve. (Reprinted with per- 
mission from Photoelectric Celia, by Campbell and Ritchie, published by 
Pittman and Sons, p. 28.) 

7-2 RADIANT ENERGY 

Radiation may be defined as energy traveling in the form 
of electromagnetic waves. Depending upon the source, the 
frequency of such radiation covers a band ranging from a 
few cycles per second to frequencies of some 10^^ cycles per 
second. Frequencies radiated in the visible spectrum by a 
particular source determine its color. In addition, reflec- 
tion, absorption, and transmission properties of the matter 
which receives the energy from the source arc dependent 
upon the radiation frequency. 

Figure 7-3 shows a chart which pictures the complete 
spectrum of radiant energy. A tremendous range of fre- 
quency is covered by this chart. Visible light is only a very 
small part of the whole. The portion of the spectrum of 
most interest in photoemission has been expanded to show 
the detail better. In general, the range of frequencies nor- 
mally detected by photosensitive surfaces includes the visi- 
ble band and parts of the infrared and ultraviolet bands. 
X-radiation also releases electrons from matter, but this 
effect is not usually included in the field of photoelectric 
devices. 

The source of the radiation is important in the choice of 
the photosensitive surface. In accordance with the fourth 
law (Section 7-1), each type of surface has its own par- 
ticular response characteristic which depends upon the fre- 
quency of the radiation. Therefore, to obtain maximum 
sensitivity, or to reduce the effect of unwanted radiation, 
the peak frequency response of the photoemissive surface 
should be, as nearly as possible, the same as the frequency 
of the source of radiant energy. 

The Black Body 

A black body, in the physical sense, is a body which is a 
temperature radiator, of uniform temperature, whose radiant 
flux in all parts of the spectrum is the maximum obtainable 
from any temperature radiator at the same temperature. 

Any other material radiates less, at some or all wave- 
lengths, than a black body. Such a radiator is called a 
black body because it absorbs all radiant energy that falls 
upon it. 
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ANGSTROM UNITS 

Fio. 7 • 3 Radiant-energy sixjctrum. 


To determine how energy is radiated from a black body, 
it is necessary to know: (1) how the total energy radiated 
is related to the temperature of the body, and (2) how this 
energy is distributed over the radiant-energy spectrum. 

The first question is answered by the Stefan-Boltzmann 
law: 

ir = <r7^ (7*1) 

where W = radiant flux per unit area 

T = temperature in degrees Kelvin 
(T = 5.7 X IQ-^^ watts per cm“^ deg (Stefan- 
Boltzmann constant). 

The distribution of radiant energy emitted by a black body 
was investigated by Wien and Rayleigh and Jeans.^® Both 
the Wien radiation law and the Ray leigh-J cans radiation 
law were in error at certain wavelengths and temperatures. 
As a result, Max Planck * attacked the problem and, by the 
introduction of the quantum hypothesis, succeeded in de- 
veloping his well-known law: 

” " TT /xr 7 microwatts per square centimeter (7-2) 

^ "" per O.Ol/x zone of spectrum 

where J\ = spectral radiant intensity at wavelength X for 
an O.Ol/i zone of spectrum 
T = temperature in degrees Kelvin 
X = wavelength in microns 

Cl = 3.7403 X 10® microwatts per square centimeter 
per 0.01m zone of spectrum 
C 2 = 14,385 micron degree. 

The values of the constants Ci and C 2 will be found incon- 
sistent, depending on the source.*^' ^ Those given by 
Dr. Raymond T. Birge® are considered to be the latest 
available and are the values shown in equation 7*2. 


If equation 7 *2 is solved for a series of temperature values 
and the results plotted, the distribution curves shown in 
Fig. 7 - 4 are obtained. These curves show that, as tempera- 
ture increases, the maximum radiant intensity occurs at suc- 
cessively shorter wavelengths. This shift can be expressed 
by a corollary to the Wien displacement law: 

h 

Xw = y microns (7*3) 

where X^,l = wavelength in microns of maximum si^cctral re- 
sponse 

T = temperatures in degrees Kelvin 



WAVELENGTH IN ANGSTROMS 


Fiq. 7*4 Spectral distribution of the radiation from a black body as 
calculated by equation 7 • 2 for various temperatures. (Reprinted with 
permission from Measurement of Radiant Energy ^ by W. E. Forsythe, 
published by McGraw-Hill, 1937, p. 12.) 
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Points plotted from equation 7 ‘3 will fit the curve drawn 
through the maximum-intensity points of the curves in 
Fig. 7*4. This formula is useful in determining either tem- 
perature or wavelength for a black body. 

No general law has yet been written to describe radiation 
for other types of radiators. However, if the measured 
spectral distribution of any other kind of radiator is plotted 
on the same co-ordinates as a black body of the same tem- 
perature (Fig. 7*5), the ratio of corresponding ordinates for 
the two radiators is called spectral emissivity. This emis- 
sivity is valid for only one particular temperature and wave- 
length. If a table of spectral emissivity for a material is 



WAVELENGTH IN ANGSTROMS 

Fig. 7 • 5 Dist ribiition of energy comparison between a black body and 
tungsten at a color temperature of 2870 ®K. 

available, a s|X5ctral-distribution curve for a radiator other 
than a black body can be plotted for any definite set of con- 
ditions. 

The black body is used as a standard for the measurement 
of radiant energy. Although no material is a true black 
body, artificial black bodies may be employed. The most 
common type of artificial black body is a cavity with uni- 
formly heated opaque walls. A small hole is used for obser- 
vation. The nearness of such an arrangement to a true 
black body is independent of the emissivity of the material 
of the cavity, except that for maximum aci^uracy the lower 
the emissivity the smaller the observation hole must be. 
From such a standard black body source, secondary stand- 
ards may be made. One of the most common secondary 
standards, the standard used in the measurement of photo- 
emi.ssive tubes, is a tungsten filament at a color tempera- 
ture of 2870 degrees Kelvin. At this temperature the spec- 
tral distribution of radiant energy in the visible band closely 
matches that of a black body of the same temperature. 

Sources of Radiant Energy 

Sources of radiant energy may be roughly classed as radia- 
tors of (1) continuous spectra and (2) discontinuous spectra, 
which may be either line or band spectra. 

Some of the common sources 27, 28 their principal 

output characteristics are given in Table 7*1. An artificial 
black body is included for comparative purposes. 

The radiant energy distribution, even in a continuous spec- 
tra light source, varies markedly with wavelength. In order 
to determine the relative proportion of energy in any given 
color band, measurement must be made with a spectrophotom- 
eter, iiTilftsa actual spectral distribution curves are available. 


Table 7*1 Sources or Luminous Energy 


CONTINUOUS SPECTRA 


Source 

Sun 

Black iMxly (artificial) 
Incandescent lamp 
Carbon arc 
Flame source 
Photoflash lamp 
Fluorescent lamp 

Sujxir high-pressure mercury- 
arc lamp 


Approximate Wavelength Range 
Short ultraviolet to long infrared 
Ultraviolet to long infrared 
Ultraviolet to long infrared 
Short ultraviolet to long infrared 
Visible through long infrared 
Ultraviolet to long infrared 
Long ultraviolet to short infrared (dis- 
regards the line spectrum of mercury) 

Ultraviolet through long infrared 


DISCONTINUOUS SPECTRA 


Source (gas discharge) 
Helium 
Neon 
Argon 

Sodium-vapor lamp 

Thallium 

Zinc arc 

Mercury-arc lamp 
Cadmium arc 


Color of Principal Radiation 
Yellow 
Red 
Blue 
Yellow 
Green 
Red, blue 
Yellow, green, blue 
Red, green, blue 


Table 7 • 2 aids in determining representative wavelengths 
of various sources of radiation, particularly of color. 


Table 7*2 Wavelengihs op Various Radiations** 

Representative 

Wavelength 

Source (angstroms) 


Shortest ultraviolet radiation 

510 

Shortest ultraviolet in the solar spectrum 
(limited by atmosph(?ric absorption) 

2,920 

Ijower limit of visible spectrum 

3,900 

Violet 

4,100 

Blue 

4,700 

Gri^m 

5,200 

Maximum visual scuisitivity 

5,560 

Yellow 

5,800 

Orange 

6,000 

Red 

6,500 

Upper limit of visible spectrum 

8,100 

Upix^r limit of solar spectrum 

53,000 

Infrared, shorte.st 

8,100 

Infrared, longest 

3,140,000 


(From “Wave Lengths of Various Radiations,” Handbook of Chemistry 
and Physics, Vol. 24, p. 1993.) 


Measurement of Radiant Energy 

The measurement of radiant energy is considered beyond 
the scope of this chapter. However, it is believed that the 
inclusion of a few of the more important definitions of photo- 
metric quantities will materially assist in clarifying the 
nomenclature associated with the measurement of radiant 
energy. (See Section 7-20). In order to determine the 
magnitude of luminous flux, a quantity necessary for the 
measurement of phototube sensitivity, a simple formula for 
flux calculation is shown in Section 7 >21. 

The choice of units for the expression of the wavelength of 
radiant energy is usually a matter of convenience depending 
upon the particular portion of the radiant energy spectrum 
considered. To assist in more rapidly changing from one 




120 


Phoioeledric Devices 


Chapter 7 


system of units to another, a conversion table (Table 7*3) is 
shown. 

Table 7*3 Wavelength Units 


Name 

Abbreviation 

Value 

(millimeters) 

Micron 

A* 

10“« 

Millimicron 

m/i 

10“« 

Angstrom unit 

A 

10“’ 

X-unit 

XU 

10-10 


7-3 CLASSIFICATION OF PHOTOSENSITIVE 
DEVICES 


There are three general classes of devices the operation of 
which is based on the photoelectric effect. The first of these 



NON-OIRECTIONAL CONVENTIONAL *'LJ0W LEAKAGE* 
TYPE TYPE TYPE 



END CARTRIDGE 

TYPE TYPE 

Fig. 7-6 Typical phototubes. 


is the photoemissive cell, in which the absorption of radiation 
by the sensitive surface results in ejection of electrons into 
space. This type of device, formerly known as a photocell, 
is now called a phototube. 

The second general class is the photoconductive ceU, which 
is the earliest example of a photosensitive device. The 
principle of operation is that of actual change of electrical 
resistance under the influence of radiation. 

The third class is the photovoltaic cellf which produces an 
electromotive force directly by absorbing radiation. This 
electromotive force usually is produced by photoelectrons 
released within the boundaries of the containing surfaces. 

By the accepted definition of electronics, only the photo- 
tube is a truly electronic device. However, a brief descrip- 


tion of photoconductive and photovoltaic cells is included 
here so that the reader may have as a basis for comparison 
the characteristics of all three classes of photoelectric 
devices 

7-4 GENERAL DESIGN CONSIDERATIONS OF 
PHOTOTUBES 

There are two general classes of phototubes: those witl 
central anodes and those with central cathodes. Most 
phototubes are of the central-anode type. In such a tube 
the cathode can have a large electron-emitting surface, 
which greatly increases electron yield for a given intensity 
of illumination. Although use of a small anode requires 
increased voltage to provide sufficient field to attract all the 
electrons from the cathode, the voltages required are not 
difficult to produce, and central-anode tubes have been con- 
structed in a wdde variety of forms (Fig. 7*G). 

Several purely mechanical aspects must be considered in 
the design of phototubes. Many of these considerations are 
primarily based on the required electrical characteristics. 

Cathode Form 

The cathode must have a reasonably large area and must 
be arranged to intercept the maximum quantity of light. 
Special cathode shapes such as spheres and vees have been 
employed to increase sensitivity by multiple reflections, but 
the results were disappointing. It is more practical to 
gather the light externally by the use of reflectors or lenses. 

For some applications special stnictures such as the 
360-degree photocathodc surface and the “end on” type 
have been evolved. These forms are illustrated in Fig. 7 -6. 

Interelectrode Capacitance 

Anode-cathode capacitance should be small to enable the 
tube to operate better at high modulated light frequencies. 

Microphonics 

Anode-cathode spacing should be rigidly fixed. Any 
motion of one electrode with respect to another, because of 
shock or vibration, causes fluctuation in output current and 
results in the phenomenon knowm as microphonics. This is 
important chiefly in such applications as the recording or 
reproduction of sound. 

Leakage 

Although this is an electrical phenomenon, the amount of 
leakage can be controlled by mechanical design. To mini- 
mize leakage, the anode and cathode connections are often 
brought out from the opposite ends of the tube. When the 
lead wires are not led from opposite ends of the tube, an 
internal sleeve (or sleeves) is usually fitted around the wrires 
to increase the leakage path. This sleeve also reduces leak- 
age directly by shielding the path between the anode and 
cathode leads from conducting materials which are sputtered 
or vaporized inside the tube during the evacuating process 
or during subsequent life. Proper choice of the sensitive 
surface material greatly aids in minimizing leakage, for some 
cathode materials vaporize and sputter less than others. 
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Glass Envelope 

For visible or infrared radiation ordinary lime glass is 
satisfactory from the standpoint of transmission. At fre- 
quencies in the ultraviolet range, quartz or one of the new 
ultraviolet-transmitting glasses must be used. Sensitivity 
and high-frequency ‘‘cut-off’^ may be increased by using 
glass only a few mils thick for the ‘ Vindow.^' This is accom- 
plished by drawing a large bubble inward in the bulb wall. 
As such a bubble stresses the glass in tension, it is sufficiently 
strong to withstand atmospheric pressure. See Fig. 7*9 (6). 

7-6 PREPARATION OF PHOTOSENSITIVE SURFACES 
Composite Surfaces 

So many different photoemissive surfaces are used, each 
made in a different way, that it is impossible to describe all 
of them. At present the cesium-oxide-silver surface is one 
of the most common. 

The cathode in such a tube is made of silver, or of other 
suitable materials silver plated. It is etched to increase its 
area, and then sealed into the bulb. The tube is evacuated 
and baked at a high temperature to remove foreign gases. 
Oxygen is then admitted, and a discharge? current is passed 
between the electrodes to combine the oxygen with the silver 
surface. Depth of oxidation can be judged by observing 
the changes in color of the silver surface as oxidation pro- 
ceeds. Cesium is next admitted, usually by vaporizing a 
cesium-bearing pellet. The cesium, when flashed, covers 
the interior of the bulb. By carefully controlled baking, the 
cesium is driven from the bulb walls and is deposited on the 
cathode. Excess cesium is absorbed by a layer of tin oxide, 
or similar material, usually painted on the back of the 
cathode. The tube is then ^^activated'' by admitting an 
inert gas and passing controlled ‘‘shots” of current between 
the electrodes until the optimum depth of cesium layer is 
obtained. For maximum sensitivity, the cesium layer is 
only a few molecules thick. 

Alterations in the process can produce phototubes 
markedly different in spectral response. 

Pure-Metal Surfaces 

Pure-metal surfaces are employed to obtain response to 
short wavelengths. One of the most satisfactory methods 
for the preparation of a pure-metal surface is cathodic sput- 
tering. A rod, or wire, of the metal to be sputtered is 
mounted at the axis of a semi-cylindrical nickel plate.^® 
Using the wire as the cathode and the plate as the anode, 
the wire is bombarded with positive ioiLS by use of a d-c 
glow discharge in an inert gas such as argon. The con- 
taminated surface of the wire is first sputtered over to the 
plate. Subsequent sputtering covers the contaminated 
surface of the plate and builds up a clean surface of sputtered 
material. A cylindrical shield which can be dropped into 
the neck of the bulb after the cell is completed protects the 
bulb from the sputtered material. When the sputtering is 
finished, the argon gas is removed with activated charcoal 
reduced to a low temperature in liquid air. The tube con- 
taining the charcoal is then sealed off from the bulb. Such 
technique is necessary as the sputtering process is lengthy 


and is normally done after the phototube has been removed 
from the vacuum pump. When used as a phototube, the 
plate becomes the cathode and the central wire forms the 
anode. Measurements of the photoelectric work function 
of sputtered-metal surfaces prepared by this method agree 
closely with the thermionic work functions of these same 
metals. The following are the measured threshold wave- 
lengths and calculated photoelectric work functions for 
several sputtered-metal surfaces, compared with standard 
values of <I>t> 

Work Func- Work Func- 
Thrcshold lion (^r) tion (0p) 
Tungsten 2750A • 4.52 4.50 volts 

Molybdenum 2850A 4.15 4.34 volts 

Tantalum 3022A * 4.12 4.10 volts 

* Measured at the Research Laboratories of the Westinghouso Elec- 
tric Corporation, Bloomfield, New Jersey. 

Vaporization is another method commonly used for pre- 
paring surfaces of easily vaporized metals. As previously 
mentioned, this is the usual method for preparing cesium 
surfaces. It can be employed for such metals as magnesium,** 
calcium, barium, rubidium, sodium, and potassium also. 
All these metals are purified as much as possible before final 
deposition on the cathode. Methods of purification include 
reduction in the phototube envelope and multiple distilla- 
tion outside the envelope. 

7-6 TYPES OF PHOTOTUBE SURFACES 

Probably all metals and insulators are photoemissive to 
some degree. Quantum efficiency and the spectral-selec- 
tivity-response curve depend almost entirely upon the mate- 
rials and physical properties of the cathode surface. 
Equation 2*20, 4>p = 12,395/Xo shows how the cut-off or 
threshold wavelength depends upon the work function of 
the cathode surface. For pure metal <^p is related to the 
position of the element in the periodic table. In general, 
4>P is small for the alkali group of metals and decreases with 
increasing atomic weight. Traces of surface impurities, 
either gaseous or metallic, alter the work function, change 
spectral response, and influence quantum yield, but con- 
trolled impurities on the cathode surface are beneficial, and 
can produce photoemisvsive surfaces with extremely high 
sensitivity and a wide range of spectral response.*® 

Table 7*4 shows photoelectric work functions for several 
common metals, grouped mostly according to their arrange- 
ment in the periodic table. Within each group the metals 
are tabulated in the order of their atomic number. Even 
with this arrangement metals in any one group do not all 
have consistently low or consistently high values of 
This is because of the nature of the particular atom involved. 
Atoms with one or two electrons in remote outer orbits gen- 
erally require comparatively little energy to release them. 
Such atomic structures make the best photoelectric emitters. 
The alkali metals and alkaline-earth metals are examples of 
atoms in which the electrons are loosely bound and are the 
materials most photoelectrically active to visible radiation. 
This is predicted by their low photoelectric work function. 
Figure 7*7 shows the shift in spectral response of alkali 



122 


Photoelectric Devices 


Chapter 7 


metals as their atomic numbers decrease.*^ In general, 
photoelectric work functions are almast identical with the 
corresponding thermionic work functions. Some investiga- 
tors contend that except for experimental error they would 
be identical. 

Table 7*4 Work Functions of Clean-Metal Surfaces 


Periodic 

Atomic 


Photoelectric 
Work Function 

Group 

NumbtT 

Metal 


I 

3 

Li 

(2.28) 


11 

Na 

(2.46) 


19 

K 

(2.24) 


37 

Rb 

(2.16-2.19) 


47 

Ag 

4.74(4.56-4.73) 


55 

Cs 

(1.87-1.96) 


79 

Au 

4.90(4.73-4.82) 

II 

12 

Mg 

(3.4) • 


20 

Ca 

(2.7) • 


30 

Zn 

3.32-3.57 * 


56 

Ba 

1.7 t 


80 

Hg 

(4.52) 

III 

13 

Al 

(2. 5-3. 6) • 

IV 

6 

C 

(4.7) • 


50 

Sri 

4.28-4.39 


82 

Pb 

(3.5-4. 1) * 


90 

Th 

(3. 3-3. 6) 

V 

73 

Ta 

4.11(3.92-4.05) 


83 

Bi 

4. 0-4.4* 

VI 

42 

Mo 

4.15(3.22) * 


74 

W 

4.52 

VII 

26 

Fe 

4.77 


27 

Co 

(4.12-4.28) 


28 

Ni 

5.01 


45 

Rh 

(4.57) 


46 

Pd 

4.97 


78 

Pt 

(6.30) 


Values in parentheses are uncertain. 

* Hughes and DuBridge, pp. 75 and 76 (1932). 

t Zworykin and Wilson, p. 33 (1930). 

All other values from Reiman, Thermionic Emission, John Wiley A 
Sons, Inc., p. 99. 

From the photoelectric work function, the maximum wave- 
length to which the photosurface will respond can be pre- 
dicted. It also suggests in a general fashion the relative 
sensitivity to be expected. The actual spectral-response 
curve cannot be precisely predicted, especially for com- 
posite-surface cathodes, because the shape of the curve 
depends on many variables, some of which are: 

1. Surface materials employed. 

2. Processing technique. 

3. Thickness of sensitized surface. 

4. Spectral emissivity of surface. 

6. Spectral selectivity. 

6. Glass-bulb transmission characteristic. 

Pure metal surfaces usually have normal spectral-response 
curves and are characterized by extremely low electron 


emission because of their low quantum efficiencies. They 
show no fatigue effects. 



Fio. 7 -7 Spectral distribution curves of the alkali metals. (Reprinted 
with permission from K. F. Seiler, “Color Si*nsitivenes8 of Photoelectric 
Cells,” Astrophys. J Vol. 52, Oct. 1920, pp. 129-153.) 

Ultraviolet Photosensitive Surfaces 

Pure-metal photosensitive surfaces are employed chiefly 
for measurement of radiant energy, especially in the ultra- 
violet region. For such purposes the phototubes usually 
should have rather definite threshold frequencies. Many 
different pure metals have been used as cathode surfaces for 
such tubes. Some of these ‘^pure-metal tubes^’ having thresh- 
old values in the ultraviolet are now commercially available. 

Slight contamination of these surfaces markedly shifts 
the threshold frequency. Thin layers ^2. 33 Qf alkali metals 
depovsited on a metal base likewise result in a shift of the 
spectral response toward the infrared, with a decided increase 
in sensitivity. 



Fio. 7*8 Spectral distribution of commercial pure-metal photosurfaces 
using Corning code No. 972 glass envelopes. 


In Fig. 7-8 the spectral-response curves of several com- 
mercial pure-metal cathode phototubes are plotted. The 
structure of these tubes is similar to that shown in 
Fig. 7.9 (a). 
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The thorium phototube with a sputtcred-thorium surface 
has a threshold wavelength at about 3650 angstrom units. 
The peak in the response curve around 2550 angstrom units 



(O) (b) 


Fia. 7*9 (a) Ultraviolet phototube with thorium cathode, (fe) Ultra- 

violet phototubes wdth a platinum cathode (thin window). 

is due to the cut-olT effect of the bulb, which is made of ultra- 
violet-transmitting glass. The curve would otherwise con- 
tinue to rise until a maximum value, depending upon the 
quantum efficiency, was reachwl. 

The sputtered-zirconium tube has a threshold value of 
3150 angstrom units. This is the wavelength at which a 

80 | ^ ^ ^ 1 1 1 ^ 1 ^ ^ \ ^ ^ ^ 1 
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Fia. 7 • 10 Spectral distribution of a group of pure-metal photocathode 
surfaces using thin-window Corex D bulbs. 


The sputtered-tantalum phototube has a spectral response 
similar enough to the bactericidal curve to be used to meas- 
ure the ‘‘killing power'^ of ultraviolet lamps. The threshold 
is at 3022 angstrom units. 

The platimim phototube, Fig. 7*9 (6), has a portion of 
the bulb in the form of a thin bubble or window, which 
transmits wavelengths below 1850 angstrom units. The 
threshold is at 20(X) angstrom units. This permits measure- 
ments of ozone-producing rays, ultraviolet lamps, and arcs. 
The cathode of this tube is formed by sputtering a film of 
platinum onto the glass envelope through a hole in the shield. 

There are several other types of ultraviolet photosensitive 
surfaces. One is composed of pure magnesium and has a 
threshold at 3200 angstrom units. Another Is a cadmium- 
magnesium alloy which has a threshold at about 3350 ang- 
strom units and a peak at 2800 angstrom units." Such 
surfaces are employed in phototubes to measure the erythe- 
mal radiations of the sun. 

Figure 7*10 shows the spectral-response characteristic 
for a group of the more common metals from which photo- 
cathode surfaces have been prepared. 

7-7 PHOTOSENSITIVE SURFACE DESIGNATIONS 

In an attempt to standardize the common types of photo- 
sensitive surfaces, trade associations and engineering soci- 
eties have assigned numbers to various surfaces which have 



Fig. 7-11 Spectral-response characteristic of the SI photosurface in a 
lime-glass bulb. 


reddening of the skin or the erythemal effect begins. The 
response curve reaches its peak at 2400 angstrom units, but 
with a suitable filter the sensitivity curve can be made to 
approximate the erythemal curve. 


common spectral-response curves. The illustrations of the 
various types of photosensitive surfaces shown in this chap- 
ter are typical of commercial surfaces. The surface number 
assigned to these typical surfaces in the text is not official, 
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for these numbers have not been formally standardized. 
It is probable, however, that the standardized response curve 
will not be greatly different, so examples of surfaces corre- 
sponding as closely as possible with the proposed standards 
have been chosen. Surface numbers above S4 are used, but 
they are not included here because they have not been suffi- 
ciently standardized. 

To obtain high sensitivity or a special spectral response 
characteristic, the composite type of surface is commonly 
used. In such surfaces, materials having large atomic radii 
and extremely low work functions can be used. One of the 
earliest composite surfaces and still one of the most common 
is the cesium-oxygen-silver surface. It is sensitive and 
much of its spectral-response curve is in the visible range. 

51 Surface 

A form of the cesium-oxygen-silvcr type of surface is 
known as an SI photosurface and is a good example of selec- 
tive emission. The spectral-response curve of the SI surface 
is shown in Fig. 7 • 1 1 . Such a surface is sensitive in the red, 
and its emission is particularly high in the infrared region. 
A filter can be used to exclude response in the visible spec- 
trum and permit only infrared sensitivity. 

52 Surface 

The present S2 surface standard undoubtedly will be 
abandoned. Its spectral sensitivity is almost identical with 
the SI, and differences between tubes with the same type of 
surface may be greater than the difference shown in the 
standardized response curves for SI and S2 surfaces. 

53 Surface 

There has been some demand for a so-called “blue sensi- 
tive'' tube. Such a characteristic is important for two reasons : 

(1) Blue-sensitive tubes usually have a cut-off wavelength 
of approximately 8000 angstrom units. The spectral- 
response curve (Fig. 7-12) thus closely matches the visi- 



Fio. 7 * 12 Spectral-response characteristic of the S3 photosurface in a 
lime-glass bulb. 


bility curve of the eye. This characteristic makes such a 
surface desirable for colorimetry. 

(2) With low spectral response in the infrared, the output 
of a photosurface is almost independent of heat radiation. 
This is useful for applications that require masking the infra- 
red response without the use of filters. 

Blue-sensitive surfaces can be made in several ways. A 
composite surface of cesium-oxygen-silver with special treat- 
ment “peaks" in the blue region. Silver sputtered on cesium- 
oxygen-silver surfaces increases the blue response. Anti- 
mony-cesium deposits reported by Gorlich show high sensi- 
tivity and maximum output in the blue-green region. The 
rubidium-rubidium oxide surface is probably the most widely 
used S3 type of surface. 

S4 Surface 

If a lime-glass bulb is used with an S4 surface, its spectral- 
response curve (Fig. 7*13) “peaks" in the blue-violet region. 



Fia. 7*13 Spectral-response characteristic of the S4 photosurface in a 
lime-glass bulb. 

Such surfaces used with high-transmission glass, or with 
thin windows, would be extremely sensitive to ultraviolet 
radiation. The response characteristic of the S4 surface 
makes it particularly useful in certain applications because: 
(1) it is sometimes desirable to exclude infrared response 
(this surface has negligible response in the infrared) ; (2) such 
a surface is extremely sensitive to sunlight; and (3) photo- 
tubes using this surface give maximum response to radiation 
from fluorescent lamps or mercury-vapor light sources. 

The S4 surface, development of which was reported by 
Glover and Janes, ^ is composed of a composite cesium- 
antimony surface on a metal base such as nickel. Cesium 
on magnesium gives a similar response. 

Phototubes with spectral-response curves of almost any 
reasonable form can be made, but it may take years to de- 
velop some special surfaces so that they can be manufactiu^ 
commercially. It is for this reason that attempts are being 
made to standardize only those surfaces for which there is a 
real requirement. 
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7*8 GAS PHOTOTUBES 

During early experiments with photosensitive surfaces, 
someone noticed that in a given group of phototubes a few 
appeared to be unusually sensitive. This apparent high 
sensitivity was found to be caused by minute traces of gas 
left in the tubes by faulty pumping. Later, gas was delib- 
erately admitted to increase sensitivity. This increase in 
sensitivity is known as gas amplification. 

To avoid chemical reaction of the gas with the photo- 
sensitive surface, an inert gas is used as the filling medium. 
It can be any of the inert gases: xenon, krypton, helium. 
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is illustrated by the value Ib/Ia* This ratio is known as the 
gas ratio of a phototube and normally does not exceed 10. 
If one desires to compare two gas phototubes which have 
the same type of surface, but entirely different values of 
sensitivity, it is necessary to divide the sensitivity value by 
the gas ratio in order to determine the primary (vacuum) 
sensitivity. High primary sensitivity is the real measure of 
quality in a phototube. A gas ratio above 10 usually results 
in unstable output and a tendency to glow breakdown. Gas 
ratios for vacuum types ai*e sometimes calculated as a measure 
of degree of vacuum. 


Gas Phototubes 



neon, or argon. Probably argon is most commonly used. 
Gas pressure has a marked effect on amplification, and there 
is an optimum pressure for maximum amplification. For 
practical reasons, this optimum pressure is seldom used. 
Curve 1 in Fig. 7*14 is the volt-ampere curve of a vacuum 
phototube for a definite value of illumination. This is as- 
sumed to be a tube of the central-anode type with a cylindri- 
cal cathode. At approximately 20 volts difference in poten- 
tial, the output current of the tube saturates. At this anode 
voltage, the field is sufficient to insure that all electrons 
leaving the cathode arc collected by the anode, and no 
further increase in anode voltage (within limits) has any 
effect on the phototube current. 

Now let it be assumed that a small amount of gas has been 
added to the tube. The volt-ampere curve no longer shows 
saturation, but increases with anode voltage. (See curve 2, 
Fig. 7 • 14.) This increase is caused by an ionization current 
proportional to the photoelectric current. Amplification 
may be determined by the ratio of photoelectric current at 
some reference voltage (usually 90 volts) to the saturation 
current (usually measured at 15 volts). In Fig. 7*14 this 


The reasons for gas amplification are somewhat compli- 
cated, because increased electron emission can be attributed 
to any one of several possible sources. Among these are: 

(1) multiplication of electrons in space due to ionization; 

(2) production of electrons by positive-ion bombardment of 
the cathode; and (3) production of electrons by high fields 
at the cathode because of the accumulation of positive ions. 

In Fig. 7-15*® is shown a possible path of an electron 
accelerated by an electric field. Whenever there is a col- 
lision between an atom and an electron, and the kinetic 
energy of the electron equals or exceeds the excitation poten- 
tial of the atom, an inelastic collision may occur and the 
atom may become excited. If another electron of lower 
energy immediately strikes the excited atom, it may become 
ionized. If a collison with a normal atom occurs when the 
energy of the electron equals or exceeds the ionization poten- 
tial, the atom may be ionized; that is, it loses an electron 
and becomes an ion. Atoms may also be ionized at an energy 
level less than that required for excitation if they are in the 
metastable state. In a phototube, however, the number of 
collisions with metastable atoms would be negligible. In 
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the example shown in Fig. 7*15, ionization or excitation is 
indicated wherever the required kinetic energy is reached. 
Actually, in only a small percentage of these collisions does 
excitation or ionization occur. 


El* IONIZING ENERGY 
Eg* LEAST EXCITING ENERGY^ 
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Fig. 7-15 Advance of an electron driven by an electric field through 
argon at low pressure, (a) Energy variations. (6) Path of the electron’s 
motion. (Reprintetl with permission from Fundamentals of Engineering 
Electronics^ by W. G. Dow, published by John Wiley, 1930, p. 404.) 


Initial photoelectric current is amplified because each 
ionizing collision produces a new electron as well as an ion. 
This new electron continues its way to the anode and in .so 
doing collides with other atoms. If it strikes another atom 
with sufficient energy, the atom is ionized and the process is 
repeated. The more electrons released, the greater the cur- 
rent becomes. This electron release multiplies very rapidly. 


CATHODE ANODE 



Fig. 7-16 Mechanism of gas amplification. One electron leaves the 
cathode, 10 electrons enter the anode. (Reprinted with perniission from 
Fundamentals of Engineering Electronics, by William G. Dow, published 
by John Wiley, New York, 1930, p. 406.) 

Figure 7 • 16 shows the possible yield from one electron leav- 
ing the cathode. Each ionizing collision has produced one 
additional electron, and the original electron starting from 
the cathode releases 10 electrons which reach the anode. 


C'hapter 7 

Figure 7 '16 shows the advance of an electron at a rela- 
tively low pressure. The concentration of gas is such that 
there are not many collisions per volt, but there is oppor- 
tunity for many electrons to acquire ionizing energy. If 
the pressure is too high, the electrons leaving the cathode 
have so many opportunities for collisions that they make 
elastic impacts or exciting collisions and rarely acejuire 
enough energy for ionization. If gas concentration is too 
low, there are not enough collisions to cause any appreciable 
amount of ionization, and the phototube current approaches 
that of a vacuum tube. 

Amplification for plane parallel-plate electrodes can be 
calculated by the use of equations 4-17 and 4-20. Equa- 
tion 4*17 shows that amplification increases rapidly with an 
increase in either a or d. Equation 4-20 for a, however, 
contains both d and L as negative exponents, so that if in 
equation 4*17 lea/Iec is plotted as a function of a a curve 



Fig. 7 • 17 Family of volt--ampcrc curves for a ga.s phototube at various 
illumination intensities. I^oad lines (corresponding to a numb<*r of 
values of load resistamcc; are also shown. 


containing a maximum results, the ordinates depending 
upon the ratio d/L, To obtain the theoretical maximum of 
amplification, the conditions must be such as to make lea/^ec 
a maximum. 

However, if the gas amplification becomes too high, or if 
illumination is too great, a self-maintaining discharge results. 
Positive-ion generation then is so increased that the cathode 
is severely bombarded by positive ions, and the sensitive sur- 
face of almost any composite cathode would be destroyed. 
Normal gas ionization which produces gas amplification is 
not truly self-sustaining, and the current becomes almost 
negligible in the dark. 

Curve 2 of Fig. 7-14 shows the volt-ampere curve of a gas 
tube for one value of illumination. If the volt-ampere curve 
is replotted for a series of illumination values, the result is a 
family of curves as shown in Fig. 7*17. These curves show 
several interesting things. As the illumination increases, 
gas amplification increases. Moreover, Aeb/Ah becomes 
smaller as illumination increases. If the anode voltage 
becomes higher than approximately 115, a glow discharge 
starts, regardless of the amount of illumination. At succes- 
sively higher values of illumination, the voltage of transition 
to a glow is reduced until at approximately 75 volts a glow 
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will not start regardless of the amount of illumination. It 
is for these reasons that a maximum peak-anode-voltage 
rating and a maximum anode-current rating are always 
shown in manufacturers' technical data. Limitation of 
anode current may, however, be made for other reasons. 

On the curves of Fig. 7-17 is a series of load lines. To 
determine the position of these lines, assume a load resist- 
ance Rl. Let fp = Sh/ih* This is the instantaneous tube 
resistance and is an inverse function of illumination. It is a 
continuously varying function so it is not directly deter- 
minable. In the circuit shown in Fig. 7 • 18, 


Ehh = Ci, + Cl 

(7-4) 

and 


Cl = hRl 

(7-5) 

From equations 7-4 and 7*5, 



the light-flux variation is approximately linear, the corre- 
sponding phototube voltage output also varies linearly. 



TiCt €b ^ 0; then if, = Eh/Rl^ This is the co-ordinate for 
point M. Let Ch = Ehh\ then u = 0. This is the co-ordinate 
for point N. The load line is drawn between the points 
M-N in Fig. 7-17. Current through the load may be deter- 
mined graphicrally for any value of illumination or, if addi- 
tional load lines are plotted, for any load resistance. If the 
light flux on the phototube is modulated, it is possible to 
calculate the voltage output across load resistance /?/,. 
The mean light int(»nsity locates the quiescent operating 
point Q, Figure 7*19 shows the output voltage variation 
resulting from a sinusoidally iivodulatcd beam of light. If 


Ejjt* anode supply voltage 

• |.« INSTANTANEOUS VOLTAGE 
DROP ACROSS LOAD 
INSTANTANEOUS ANODE 
VOLTAGE 

lb* INSTANTANEOUS CURRENT 
IN CIRCUIT 

R|.*L0A0 RESISTANCE 

Tp-EOUIVALENT PLATE RESIST- 
ANCE 

Fig. 7 • 18 Fundamental photf.tube eireuit t-o illustrate use of load line. 

The use of the family of volt-ampere curves has been illus- 
trated for a gas phototube. The same general principles 
apply to phototubes of the vacuum type. 
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7-9 VACUUM VERSUS GAS PHOTOTUBES 

The sensitivity of the gas phototube is so superior to the 
equivalent vacuum type that one may wonder Avhy vacuum 
tubes are used at all. There are several good reasons for 
the continued use of vacuum phototubes. For some appli- 
cations gas tubes are wholly unsuitable. A discussion of 
the more important disadvantages of a gas phototube follows. 

Stability 

The stability of a vacuum tube is alwasrs superior to that 
of an equivalent gas tube. This is of special importance in 
photometry or wherever constant output is of prime impor- 
tance. To insure extreme stability, the anode voltage, even 
in the vacuum tube, sometimes is reduced below the ionisa- 
tion potential of possible gaseous impurities. 

Lineality 

As might be expected, the photoelectric current emitted 
by a gas phototube is not a true linear function of the illumi- 
nation. Figure 7-20 illustrates this. The curve shown for 



Fiq. 7*20 Family of current-illumination characteristics for a gas 
phototube at various values of anode voltage. 


the 20-volt anode supply is linear. This curve really repre- 
sents vacuum-phototube conditions, for the probability of 
ionization is low and it compares with the current-illumina- 
tion curve for a vacuum tube shown in Fig. 7 • 1. The higher 
anode-voltage curves are not linear, however, and, as shown 
by Fig. 7 • 19, this non-linearity causes distortion in the out- 
put. If a gas phototube is ‘Vorked'' over the most linear 
portion of the range, the distortion produced does not limit 
response fidelity sufficiently to impair operation for many 
applications. The choice between a vacuum or a gas photo- 
tube, as regards linearity, depends entirely upon the condi- 
tions of application. 

Dynamic Response 

If a gas phototube is required to follow rapid fluctuations 
of light intensity, it has a non-linear dynamic sensitivity. 
The sensitivity decreases as the modulated light frequency 
increases. The most important cause of this losS^ of sensi- 
tivity is the finite time necessary for cumulative ionization 
of the gas, and for the diffusion of the ions to the bulb walls 
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and cathode. The first and the lesser of the two effects is 
called ionization time, and the latter effect deionization 
time. As long as deionization persists, ions strike the cathode 
and new electrons are produced. This continues until equi- 
librium has been established; thus, photoemission current 
tends to lag any change in illumination. The time required 
for deionization varies from a few microseconds to several 
hundred microseconds, depending upon the construction of 
the tube, the nature of the gas, and the gas concentration. 



Fia. 7*21 Effect of light-modulation frequency on output current in a 

gas phototube. 

Figure 7*21 shows the effect of modulation frequency on 
photoelectric emission for a square output wave. Figure 
7*21 (a) shows the response of a vacuum and a gas photo- 
tube (which are assumed to have equal sensitivity) to a 
relatively low frequency of modulation, say 60 cycles per 
second. The response curves of the two types of tubes are 
identical. In Fig. 7 -21 (6), the frequency is increased. The 
effects of ionization and deionization time are now appar- 
ent. Because the shape of the square output wave remains 
unchanged for the vacuum phototube, the shaded area shows 
the loss in current for the gas tube because of the lagging 
effect of the ions. At a still higher frequency, over 10,000 
cycles per second for example. Fig. 7-21 (c), the loss in out- 
put is still greater and fidelity of response is seriously im- 
paired. Figure 7*22 shows the relative dynamic response 
characteristic for a range of frequencies and anode voltages. 

The vacuum phototube has no time lag. In other words, 
no one has been able to measure a delay between the inci- 
dence of Jljght and the movement of electrons. Capacitance 
effects may appear to create a lag and can cause a falling 
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frequency-response characteristic. These can be virtually 
eliminated by proper design of the associated circuit, 
however. 

Glow Voltage 

As indicated previously, a gas phototube breaks down 
with a destructive glow discharge if more than a specified 
voltage is applied across its elements. The vacuum tube is 
independent of such effects. This is important for some 
applications. 



FREQUENCY OF LIGHT FLUX IN CYCLES/SEC 

Fio. 7-22 Response-frequency curves for modulated linht flux in s 
gas phototube. (Reprinted with permission from Pholoeells and Their 
Appliealion, by V. K. Zworykin and E. D. Wilson, published by John 
Wiley, 1930, p. 81.) 

7-10 SENSITIVITY 

In any phototube, the introduction of gas increases sensi- 
tivity. A choice must be made between the undesirable 
characteristics of the g&s tube and the lower sensitivity of 
the vacuum tube. It is possible to amplify the current of 
the vacuum phototube to increase its sensitivity and, if the 
light is modulated so that a-c amplifiers can be used, this 
is a practical method. If the light Is unmodulated, or if the 
frequency of modulation is low, d-c amplifiers must be used. 
For low values of illumination, the use of a high-gain d-c 
amplifier is necessary. Such amplifiers are difficult to design 
and to operate from a stability basis. For this reason, highly 
sensitive phototubes have been developed. The present 
trend in phototube design appears to be toward highly sensi- 
tive vacuum phototubes. The more important facts about 
sensitivity are summarized in Table 7 • 5. 

The sensitivity of phototubes having their response in 
the visible spectrum is called luminous sensitivity, and usually 
is defined as the ratio of microamperes per lumen of inci- 
dent light. This measurement is made with a tungsten- 
filament light source at a color temperature of 2870 degrees 
Kelvin. Such measurements show only the integrated ou^ 
put and do not represent true sensitivity because: (1) distri- 
bution of energy in the source is a function of wavelength; 
and (2) the response of the photosurface may be most sensi- 
tive at a frequency beyond the output range of the source. 

This difficulty has led to a much better method of deter- 
mining sensitivity wherein sensitivity is defined as the ratio 
of photoelectric current to the energy in the received radiation 
for a definite wavelength band. This band is made as narrow 
as practical and usuaUy is taken at the point of maximum 
sensitivity on the spectral-response curve. Sensitimly usu- 
ally is expressed in microamperes per microwatt of radiant 


energy, and is valid not only in the visible spectrum, but 
also in the infrared and ultraviolet regions. When the value 
of sensitivity in yA/tiW at the point of maximum sensitivity 
and the relative spectral distribution curve of a tube are 
known, either the sensitivity for any wavelength zone or 
the total phototube sensitivity may be determined. 

Table 7*5 General Dependence op Phototube Sensitivity upon 
Certain Variables 

VARIABLE SENSITIVITY 

Gas Phototube Vacuum Phototube 

Type of surface Very deixindent. Very dependent. 

Intensity of Increases non-linearly Increases linearly with in- 

illumination with intensity (sec Fig. tensity (see Fig. 7'1). 
7*20). 

Anode voltage Increases with voltage. Independent of voltage 

(above about 20 volts). 

Wavelength Very dependent; depends Very dependent; depends 

upon spectral-response upon spectral-response 

curve. curve. 

State of polari- 
zation Dependent. Dependent. 

Modulation Decreases with increasing Independent of modula- 

frequency frequency of modulated tion frequency (ca- 

light. pacity effects ignored). 

Temperature Independent of tempera- Indejiendent of tempera- 
ture (within ordinary ture (within ordinary 

ranges for purc-metal ranges for pure-metal 

surfaces).* surfaces).* 

* Sec Fig. 7 *23 for an example of the temperature effect on a composite 
surface phototube. 

7- 11 SECONDARY PHOTOTUBE CHARACTERISTICS 

Several inherent characteristics of phototubes, usually of 
minor importance, must be considered in some applications. 
These characteristics depend upon such variables as type of 
tube (gas or vacuum), type of surface, mechanical construc- 
tion, and operation history. 

Dark Current 

Dark current may be defined as the photoelectric current 
in a phototube that is not activated by radiant energy within 
the wavelength band to which the tube is considered sensi- 
tive. Dark current usually is caused by: 

L Thermionic Emission from the Cathode. Some emis- 
sion is possible even though cathode temperature is far from 
that commonly considered necessary for thermionic emission. 

2. Glow Currents. This is more noticeable in gas tubes, 
but it may occur in vacuum tubes because of residual atoms 
of gas in the tube. Glow current increases rapidly with 
anode voltage. 

Both these effects produce small currents, usually only a 
small fraction of a microampere, so they are troublesome 
only in measuring light of extremely low intensity. 

Leakage Current 

This current is often loosely grouped with dark current. 
It is actually entirely different, although the result of mask- 
ing flux change from weak values of illumination is the same. 
Leakage current is simply current through the ohmic resist- 
ance across the tube. It is almost always erratic. It can 
pass over the glass envelope, internally or externally, or 
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across the base. Although not a characteristic function of a 
phototube, leakage in the tube socket or associated wiring 
has the same effect as tube leakage. Internal leakage is a 
property of tube design and can be controlled only by the 
manufacturer. Leading the anode (or cathode) connection 
from the top of the tube decreases both internal and external 
leakage. External leakage can be reduced by coating the 
surface of the glass envelope ^\^th certain non-hygrascopic 
waxes, such as sealing wax, coresin, and picene, or silicones. 

For extremely low leakage, double-end tubes plus wax ai'e 
sometimes used. Though commercial phototubes have suffi- 
ciently low leakage for mast applications without treatment, 
a film of moisture can reduce shunt resistance from 10^“ 
megohms to only a few megohms. If high load resistances 
are employed, precautions against leakage are absolutely 
necessary. 

Interelectrode Capacitance 

Interelectrode capacitance causes loss of voltage or di.stor- 
tion if the intensity of illumination varies rapidly. At low 
frequencies of modulated light, with reasonably high values 
of illumination, the effect of capacitance is unnoticeable. 
At higher modulation frcciuencies, for weak illumination 
intensities, and for high values of load re.sistance, capacity 
becomes important. To light impulses of steep wave front 
or to high frequencies of modulated light, large interelect rode 
capacitance acts as though the terminals of the tube were 
shorted by a low, variable resistance. The effect of capaci- 
tance is as bad in a vacuum phototube as in a gas 
tube, except that it is lessened by the greater sensitivity 
of the gas type. Distortion caused by frequency varia- 
tion can be minimized by amplifiers having rising response 
characteristics. 

Fatigue 

If a phototube, particularly one having a composite surface 
cathode, has been subjected to strong light, its sensitivity 
may decrease. Conversely during periods of inactivity, 
especially in the dark, its sensitivity increases. This is 
usually more noticeable in gas-filled tubes. The effect may 
be reduced by long ‘^aging’’ by the manufacturer, and by the 
use of low values of light intensity by the user. It is well 
to arrange the optical system so that the light covers as 
much of the cathode surface as possible. Such procedure 
reduces the light-flux density on the cathode surface and 
prevents local changes in emission caused by fatigue or other 
effects from affecting photoelectric current as a whole. Sev- 
eral factors accelerate fatigue. Sensitivity of a poorly 
exhausted tube containing residual oxygen, water vapor, or 
other impurities may change rapidly because of contamina- 
tion of the photosensitive surface. Pure-metal surfaces in a 
well-evacuated phototube show no fatigue. If a phototube 
is used with a filter, the filter itself may show fatigue at the 
shorter wavelengths. 

Temperature 

Normally photoemission is little affected by temperature. 
The magnitude of the temperature effect depends, "To a large 
extent, upon the nature of the cathode surface. Some sur- 
faces lose emission ^ at very low temperatures. The effect 


varies with the nature of the surface and the frequency of 
the light. Photosurfaces employing elements of high vapor 
pressure, such as cesium, are susceptible to temperatures 
above +100 degrees centigrade. If the maximum tempera- 
ture rating is exceeded, even for a short time, there may be 
a permanent shift in sensitivity and spectral response. In 
extreme cases, if temperature is allowed to remain for a 
longer time at values in excess of rating, the tube may lose 
its sensitivity completely. The reason for this loss is that 
the high vapor-pressure materials on the cathode vaporize, 
leaving the cathode denuded of active surface. Manufac- 
turers’ ratings hold this temperature down so that vapor 
pressure is too low to cause any important loss of active 



TEMPERATURE IN DEGREES CENTIGRADE 

Fig. 7-23 Typical temperature characteristic of a cesium-oxygen- 
»ilver pliot<)tul>e. 

surface. Other possible effects of operating at high tempera- 
ture are the increase in internal leakage because of vaporized 
sensitive coating, and the increase in dark current. Figure 
7*23 shows a typical temperature-characteristic curve for a 
cesium-oxygen-silver photosurface. 

Maximum Current 

Manufacturers^ ratings give a maximum current for every 
type of phototube. The magnitude of this current depends 
upon the nature and area of the cathode surface. A vacuum 
tube usually can withstand higher current densities without 
damage than a gas tube, although excessive current densities 
are injurious in either type of tube. In the gas tube, glow 
discharge may start when the current rating is exceeded 
and cause rapid deterioration of the cathode surface. 

7- 12 MULTIPLIER PHOTOTUBE 

One of the most promising phototubes is the electron- 
multiplier type of tube.^^’ " In this tube amplification is 
accomplished by focusing the electrons which are released 
from the cathode onto a series of secondary emissive surfaces 
called dynodes. (See Fig. 7-24.) This is accomplished by 
the special shaping of each dynode surface and by the appli- 
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Photoglow Tube 


cation of ever-increasing positive increments of voltage from 
the photocathode to the anode. When suitable secondary 
emissive surfaces, such as silver-magnesium, or even the 
same material as that of the photocathode are used, yields 
from three to five electrons per primary electron per stage 
may be realized. If an average gain per stage per electron 
of 3.5 at 100 volts jxjr stage, and 4.0 at 125 volts per stage is 
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Fio. 7*24 Schemat ic diagram fthowing the electtrode arrangement in a 
typical electron-multiplier phototube (HCA 9.31). (Ileprintc'd with 
permission from ‘Technical Data Sheet for the 931 A, Fig. 1/* pub- 
lished by the R.C.A. Victor Division, 1943.) 


anode itself is constructed as a grid. This allows electrons 
from dynode 8 to pass through the anode to dynode 9, from 
which they arc collected by the anode. Spacing between 
dynode 9 and the anode is such that almost all electrons 
released from dynode 9 are collected by the anode regardless 
of the instantaneous‘s positive anode voltage. This feature 
permits the use of a wide range of load impedances. 

A mica shield is interposed between the cathode surface 
and the anode to prevent ion feedback. Because of the 
high current density in the anode region, ions are likely to 
form from spurious gas in the tube. If these ions are not 
prevented from reaching the cathode surface, unwanted 
electron emission occurs and gas amplification results. This 
amplification, coupled with normal electron multiplication, 
causes complete loss of linearity in response, and may cause 
uncontrollable regeneration. 

The light shield is a grill through which the light reaches 
the cathode surface. It is electrically connected to the 
cathode, and it serves as an electrostatic shield. 

7- 13 PHOTOGLOW TUBE 


assumed, gains of 80,000 and 200,000 respectively can be 
theoretically expected. The rapid change in gain with 
supply voltage, however, requires the use of a power source 
with extremely good voltage regulation. To hold the output 
of a nine-stage multiplier tube within 1 or 2 percent, the 
supply voltage must be hold to 0.1 percent. 

The spectral-response characteristic is determined solely 
by the characteristic of the cathode. The current-illumina- 
tion curve is linear within the operating range. Operation 
beyond this range causes saturation in the output stage 
l>ecause of space charge. 

Because there is no gas in the tube, the frequency response 
to modulated light is distorted only by tube capacitance. 

Luminous sensitivity of a multiplier phototul>e to a light 
source of 2870 degrees Kelvin is about 2.0 amperes per lumen 
as compared with 15 to 45 microamperes per lumen for con- 
ventional phototubes. 

One of the most important characteristics claimed for the 
multiplier tube is the reduction of signal-to-noise ratio, 
especially at low output. One reason for this reduction is 
that less gain is necessary in the amplifier for the same output 
voltage, so only the shot noise of photocmission, and not 
circuit noise, is significant. 

Dark current multiplies in the same manner as photo- 
emission current. The yield from the useful primary elec- 
trons is increased by the same exponent, so that the ratio of 
useful current to dark current is superior to that in a conven- 
tional tube. If primary dark current is reduced by the use 
of special surfaces, however, total dark current falls off 
rapidly so that the ratio of useful current to dark current 
increases sharply. 

Construction of the type 931 A phototube ^ (see Fig. 7*24) 
illustrates some of the methods used in overcoming certain 
design problems. When the multiplier tube is used dynam- 
ically, the anode potential and its field fluctuate continuously . 
This varying electric field interferes with electron focusing 
in the dynode region. To minimize this, dynode 9 is shaped 
80 that it partially encloses the anode and shields it. Ihe 


The photoglow tube “ is a combination phototube and 
grid-glow tube. If the illumination on the sensitive surface 
of the gas-filled photoglow tube exceeds a critical value, the 
photoemissive current becomes unstable because of accumu- 
lative ionization, and the tube ^^fires.^^ Current is limited 
only by the circuit resistance. 

In construction the tube is relatively simple. It consists 
of a small central anode surrounded by a cathode of com- 
paratively large area. This cathode has a surface, usually a 
pure mental, that withstands high current density without 
damage. 

Gas pressure and spacing are so adjusted that, at normal 
working voltage and with no illumination, emissive current* 



Fia. 7-25 A-c and d-c charactcrialica of a photoglow tube. 


is negligible. If illumination for any fixed value of anode- 
cathode voltage exceeds the glow point, the tube charac- 
teristic undergoes a transition from gas amplification to glow 
discharge, as shown in Fig. 7*17. This results in a rapid 
current increase from perhaps microamperes to milliamperes. 
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Thus, a small change in illumination will trigger a current 
large enough to operate a relay directly. Although in a 
conventional phototube such a glow is injurious to the 
cathode, in a photoglow tube (because of the spcH’ial cathode 
surface) the glow is not damaging, and it forms the actuating 
mechanism of the relay action. 

The application of such a device, in its present stage of 
development, is that of a light-sensitive relay. It requires 
no stand-by power and can bo operated with direct or alter- 
nating current. Figure 7*25 shows a typical operating char- 
acteristic. The “breakdown’^ curves represent the firing 
point of a typical tube at various anode voltages. The 
‘‘break-off’’ curve indicates the value to which the anode 
potential must be reduced to stop the tube. With unidirec- 
tional supply voltage, the photoglow tube has a lock-in 
characteristic until the anode-cathode voltage is reduced 
below the drop-out point. 

The photoglow tube now has little commercial application. 
Its main use is as a “watchdog” for commutator flashover 
in generating stations. 

7-14 ICONOSCOPE f 

The Iconoscope and tubes of its class at present repre- 
sent the most advanceii application of the photoelectric 
effect. The Iconascope is a scanning tube in television appli- 
cations. In common wth any scanning device, it receives a 
visual image and transforms it into electrical energy. After 
amplification this energy can he transmitted to a distant 
point and reconverted into an image. Its chief advantage 
over other scanning devices is increased sensitivity, for the 
energy in each light clement can be stored for the length of 
time taken by the scanning beam to repeat its trace. 

The construction of the Iconoscope can best be visualized 
by considering a tube having a special photosensitive .surface, 
an electron gun, and a suitable electron-beam-focusing 
mechanism. The electron gun and focusing mechanism are 
similar to the components of the ordinary cathode-ray tube. 
The special photasensitive surface is the heart of the device, 
and it is composed of a photosensitive mosaic structure 
having a large number of elements. In reality, the .surface 
may be considered to be composed of many tiny phototubes. 
Each cathode element is connected through its capacitance 
to a common back plate, to the external circuit. The usual 
way of forming the mosaic surface is to evaporate a surface 
of silver on a sheet of thin mica ynih a metallically coated or 
graphitized back, or on a metal plate with an insulated sur- 
face. Another method is to spray silver oxide on the mica. 
This is subsequently reduced. The film of silver thus formed 
is not continuous, but is compased of many tiny globules. 
These are sensitized by the deposition of cesium, to form a 
cesium-oxygen-silver surface. The back plate is connected 
to one side of an amplifier. 

The image of the subject to be scanned is focused on the 
mosaic surface. Because of the light incident on its surface, 
each elemental cathode emits electrons. The number of 
electrons emitted depends upon the intensity of illumination 
in one element of focused image. The result of this emission, 
because of the insulated cathode, is to charge the elmental 

t Registered trademark, RCA Manufacturing Company. 
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cathode positively with respect to the back plate. This 
positive charge is balanced by an electronic space charge 
near the cathode surface. The strength of this field is pro- 
portional to the intensity of the illumination at the point 
considered. 

The mosaic is now scanned rapidly by the electron beam 
from the gun. The negative field in front of the elemental 
cathotle impedes the relea.se of secondary electrons from the 
cathode .surface. Thus, a smaller secondary electron current 
is produced by more inten.se illumination. This decrease in 
secondary-emission current when the elemental cathode is 
scanned, acting through its capacity to the back plate, is the 
mechanism employed to produce a current pul.se in the 
external circuit. The scanning beam of electrons is not 
really small enough to strike just one cathode element. It 
has relatively large area in comparLson with the size of a 
globule, and this large area prevents inequalities in electron 
emission becau.se of unprcventable irregularities in the struc- 
ture of the mosaic. 

7-16 ORTHICON { 

The Orthicon is a modified form of Iconoscope in 
which the output-current curve, plotted as a function of the 
mosaic illumination, is a straight line. Its theoretical effi- 
ciency is 100 percent. The principal difference in operation 
is in the use of a low-velocity scanning beam, with which 
there is almost no secondary emission, and the electrons in 
the beam are themselves collected. 

716 IMAGE ICONOSCOPE w 

In this form of Iconoscope one photosensitive and one 
mosaic surface are employed. The image is focu.scd first 
on a transparent photosurface. Electrons released from 
the back side of this surface are clcctromagnetically focused 
to form an electron image on a mosaic surface. This .surface 
is composed of material, not photosensitive, but particularly 
effective in emitting secondary electrons. Becau.se more 
intense fields can be used and because of greater secondary 
electron yield, its sensitivity is about ten times that of an 
ordinary Iconoscope. 

7-17 IMAGE-DISSECTOR TUBE 

The image-dissector tube is one of the early forms of elec- 
tronic scanners. Instead of employing a mo.saic surface, it 
uses an ordinary photoeinissive surface. The subject to be 
scanned is focused on this surface. Electrons are emitted in 
numbers depending upon light intensities on the various 
elements of the focused picture. By use of magnetic fields, 
these electrons are made to pass down the tube, are focused, 
and are formed into an electronic image in the plane of an 
aperture, which is in front of a collecting anode. By addi- 
tional sets of coils, the complete electron “picture” is scanned 
by moving it across the aperture at the usual scanning Ire- 
quencies. Thus, the anode receives electron current directly 
proportional to the light intensity in the element of the 
original visual image. To increase electron yield, the col- 

t RCA trademark. 
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lected electrons are ** multiplied'^ by a series of secondary 
emissive surfaces. 

7*18 PHOTOCONDUCTIVE CELLS 

The drop in resistance of selenium exposed to light was 
first noticed in 1873,^ fourteen years before Hertz discovered 
the photoelectric effect, but very little was done to find the 
fundamentals of this phenomenon until Gudden and Pohl “ 
made a thorough investigation with a single crystal around 
1925. They found that the primary effect was the liberation 
of electrons in direct proportion to the illumination, but that 
this electron current reduced the resistance of the selenium 
as a secondary effect and the secondary current masked the 
primary current. 

The current through a selenium cell varies with the applied 
voltage, because the higher the voltage the larger the current 



used in constructing the cells is to fill selenium in the spaces 
between metal plates arranged like a capacitor.®^ The object 
of either method is to get a lower resistance across the cell. 

The selenium cell has been used for sound reproduction 
with a suitable capacitance-resistance coupling to the ampli- 
fier.“ Its response to high frequencies is not so good as it is 
to low frequencies. In a relay circuit the current does not 
require amplification, because the output of these cells is 
from 500 to 1200 microamperes per lumen. 

The thalofide cell is similar to the selenium cell except 
that oxidized thalium sulphide is used instead of selenium 
for the light-sensitive material. The cell is generally used 
with infrared, because it has a peak sensitivity at 10,000 
angstrom units (Fig. 7-26). A red bulb or an infrared- 
transmitting filter is used to protect it from the radiant 
energy of the blue end of the spectrum, which causes the 
cell to lose its sensitivity by changing the sulphide to 
sulphate. Low intensities of 0.5 foot-candle or less must be 
used, for higher intensities also cause deterioration.®® The 



Fia. 7*27 Elc(!trode8 for selenium photocond active cell. 


WAVELENGTH IN ANGSTROMS 

Fig. 7*26 Spectral-respofise curves for the selenium cell and the 
thalofide cell. (lieprinted by pcrnii.«wion from Photocells and Their 
Applicaii<m, by V. K. Zworykin and K. D. Wilson, publi.shed by John 
Wiley, 1930, p. 90.) 

for the same change in resistance. The dark current also is 
greater for the higher voltage. Because too much voltage 
mins the cell most cells are rated for use at 100 volts or less. 

The current through the cell never reaches the full value 
immediately, but takes a little time to reach a peak. After- 
ward, with continued exposure, the current starts to drop 
off again. After the cell has been exposed to light, the dark 
resistance is lower than before, and it takes some time to 
return to the former resistance. If time between exposures 
is long enough to allow the cell to regain its dark resistance, 
the resistance varies approximately as the square root of the 
light intensity.®® A rise in temperature decreases resistance 
of the cell and increases dark current. The one big dis- 
advantage of the selenium cell (or bridge, as it is sometimes 
called) is its lack of linearity. There is, however, a rough 
relationship of output current to light intensity for short 
periods of exposure. The spectral sensitivity curve show^s a 
response to the whole visible spectrum wdth a high sensi- 
tivity in the visible violet and a small peak in the red (Fig. 
7-26). 

The selenium cell is generally made by painting two elec- 
trodes with a metal paint in an interlocking grid arrange- 
ment on a piece of glass (Fig. 7*27) and covering the glass 
and grid with a thin layer of molten selenium. U he resulting 
vitreous layer is then heat-treated until the selenium changes 
to the fine crystalline light-sensitive form.®* Another method 


cell has a much smaller time lag in reaching peak current 
than the selenium cell and very little lag in returning to its 
original dark resistance. 

7-19 PHOTOVOLTAIC CELLS 

Bec(]uercl discovered in 1839 that an electromotive force 
was generated when he placed two similar electrodes in an 
electrolyte and allowed light to fall on one of them.®^ Later 
this production of electromotive force was noticed with 
crystals like those of zinc blende and galena. Several com- 
mercial photovoltaic cells, which used a copper oxide cathode 
in a liq\ud electrolyte, were produced around 1930. Although 
these cells had a current output of several hundred micro- 
amperes per lumen, they had the drawback of generating an 
electromotive force of 0.1 to 0.5 volts when they were not 
exposed to light. The copper oxide and iron-selenium semi- 
conductor cells do not liave this disadvantage. 

Groiidahl and Geiger ®2 reported in 1927 that an electro- 
motive force was developed when light was directed on 
the edge of a copper oxide rectifier plate. The first copper 
oxide cells were made by pressing a ring or screen of metal 
on the oxidized surface of the copper rectifier plate and con- 
necting the screen and the copper plate to a galvanometer. 
The direction of current in the external circuit is from the 
copper to the copper oxide, as showm in Fig. 7-28. 
Schottky®* investigated this photovoltaic effect of the 
cuprous oxide photocell and theorized that the electrons are 
liberated at the boundary of the copper and the copper 
oxide and pass through a barrier layer in one direction much 
more easily than in the other. By this theory the electrons 
would be expected to go in the same direction through a bar- 
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rier or blocking layer as the electron current in the rectifier, 
but they go in the opposite direction. Although the idea of 
a unidirectional barrier has been discarded, some kind of 
barrier or insulating layer must retard the internal leakage 
to allow the electromotive force to develop between the 


sensitivity covers the range from 4000 to 7000 angstrom 
units, as shown in Fig. 7-31. This is close to the visibility 
curve of the eye, which makes the cell useful as an illumina- 
tion indicator. The current is large enough to use in a relay 
circuit without the use of batteries. 



front and back electrodes of the cell. Lange®* accounts 
for the electromotive force by the difference in the number 
of electrons released photoelectrically in the copper oxide 
and the insulating layer, this difference causing the cell to 
act like a galvanic concentration cell. 

Since the light has to pass through the copper oxide to 
reach the area in which the electromotive force is generated, 
the cell is called a back-wall cell. Sensitivity of the back- 
wall cell can be improved by making the front electrcxle a 
translucent film of evaporated metal. Cells usually arc 
made by oxidizing the copper at about 1000 degrees centi- 
grade and then annealing around 600 degrees. The trans- 
lucent front electrode — usually of gold, silver, or platinum — 
is then evaporated onto the copper oxide. The absorption 
of the shorter wavelengths of light by the copper oxide prob- 
ably accounts for the back-wall cell having most of its sensi- 
tivity in the red and infrared. The response reaches a 
maximum between 6000 and 6500 angstrom units and de- 
creases to a threshold at 66,000 angstrom units (Fig. 7-29). 
The output of the cell is only about 10 to 15 microamperes 
per lumen. 

A much more sensitive cell can be made by cathodically 
sputtering the translucent metal electrode on the copper 
oxide.®® Sputtering produces some change at the contact 
between the metal and the oxide, which causes the electro- 
motive force to be generated at this juncture instead of at 
that between the copper and the oxide. Since the electrons 
are liberated at the front of the cell, it is called a front-wall 



WAVELENGTH IN ANGSTROMS 

Fig. 7*29 Spectral-response curve for a copper oxide back-wall cell. 


The iron-selenium cell was developed from the selenium 
rectifier. It is a front-wall cell with selenium as the semi- 
conductor instead of copper oxide. The cell is made by 
covering an iron base with a thin layer of selenium, and heat- 
treating and annealing the selenium until it changes to the 
most light-sensitive stage. A translucent metal coating is 
then sputtered on the selenium for the front electrode. The 
electromotive force produced by the light is negative at the 
front surface of the cell. The iron-selenium cell has an 
output of 150 to 450 microamperes per lumen. Response 



4000 5000 6000 7000 
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Fio. 7 ‘31 Spectral-response curve for a front-wall copper oxide cell. 


cell. The electromotive force is in the opposite direction to extends into the infrared and ultraviolet with a peak at 
that of a back-wall cell; that is, current goes from the trans- 6650 angstrom units, and with the proper filter it closely 
lucent film to the copper in the external circuit (Fig. 7-30). follows the response of the eye (Fig. 7-32). 

The output of this cell is from 100 to 150 microamperes per In ;all the semi-conductor photocells, current output is 
lumen. Peak sensitivity is at 5500 angstrom units, and the not quite proportional to light intensity. The current is 
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nearly linear at medium intensities, if a low resistance is 
used in the external circuits as shown in Figs. 7 *33 and 7 -34. 
Linearity is less at higher intensities and also with higher 
external resistances, because of the internal leakage of the 
cells. The barrier or insulating layer is not perfect, and some 
of the electrons can leak back across this layer internally. 


I I I \ I YELLOW I|NFRAI~RED 
ULTRA-VIOLET VIOLET BLU E | GREEN^^ O RAN^E RED 


mIOO 



— p-1- 

1 ^ 






— . 


z 

O 

a. 

75 






If 


\ 



a: 

UJ 

^ so 




/WITH 
/ VISCOR 
FILTER 






UJ 9S 

WITH 

0UAR1 



- / 

1 

/ 

Y 

V 


0 


v^^WITH OLASS 

?LJ 


EYE SENS1TIV1TY\ 
(LUMINOSITY \ 
FACTORS) . 



2500 

3500 

4500 

5500 

6 

500 



WAVELENGTH IN ANGSTROMS 

Fia. 7*32 Spectral-response curve of an iron-scleniurn cell. (Courtesy 
of Weston Electrical Instrument Corporation.) 

Leakage becomes greater at high intensities because the large 
currents reduce the internal resistance of a cell. An increase 
in temperature also reduces resistance. Unless it is exposed 
to light, the cell has no output. 

The open-circuit voltage producied by a semi-conductor 
cell is approximately proportional to the logarithm of light 
intensity.®* The use of a large external resistance causes the 
current output to approa(?h this same relation. To use this 
characteristic, photographic exposure meters are often made 
with a high resistance in the circuit. 



ILLUMINATION IN FOOT-CANDLES 

Fia. 7-33 Effect of illumination and external it\si8tAncc on current 
output of a copper oxide front- wall cell. 

Semi-conductor photocells have a capacitance formed by 
the insulating layer between the two electrodes. Spacing 
between electrodes is small, but the dielectric is poor, so the 
capacitance is about 0.1 microfarad per square centimeter. 
This capacitance causes lag in response and limits the use 
of the cell at high frequencies. The cells have a fatigue 


which is greater at higher intensities, but they generally 
regain sensitivity after a short time in the dark. The cells 
may lose sensitivity over long periods of time. 

These photovoltaic cells produce enough electromotive 
force to be used directly in a meter circuit. Output can be 
increased with external voltage, but stability and linearity 
are reduced. The cells can also be used in an amplifier cir- 
cuit, although the voltages generated are not large enough 
for best amplification. The main use of these cells is for 
illumination-intensity measurement. 



Fia. 7-34 Effect of illumination and external resistaiKre on current 
output of an iron-selenium cell. (Courtesy of Weston Electrical Inst, ru- 
men t Corporation.) 

7-20 DEFINITION OF PHOTOMETRIC QUANTITIES 

Light, For the purposes of illuminating engineering, light 
is radiant energy evaluated according to its capacity to 
produce visual sensation. 

Luminous Flux (F). Luminous flux is the time rate of 
flow of light. 

Lumen (Im), The unit of luminous flux. It is equal to 
the flux through a unit solid angle (steradian) from a uni- 
form point source of 1 candle, or to the flux on a unit surface 
all points of which are at unit distance from a uniform point 
source of 1 candle. 

Luminous Intensity (7 = dF/dw). Luminous intensity of 
a source of light, in a given direction, is the solid-angular 
flux density in the direction in question. Hence, it is the 
luminous flux on a small surface normal to that direction, 
divided by the solid angle (in steradians) which the surface 
subtends at the source of light. 
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Candle (c). The candle is the unit of luminous intensity. 
The unit used in the United States is a specified fraction of 
the average horizontal candlepower of a group of 45 carbon- 
filament lamps preserved at the National Bureau of Stand- 
ards, when the lamps are operated at specified voltages. 
This unit is identical, within the limits of uncertainty of 
measurement, with the International Candle established in 
1909 by agreement between the national standardizing 
laboratories of France, Great Britain, and the United States, 
and adopted in 1921 by the International Commission on 
Illumination. 

Candlepower (/ = dF/dw] abbreviation, cp). Candle- 
power is luminous intensity expressed in candles. 

Illumination (fi = dF/dA), Illumination is the density 
of the luminous flux on a surface; it is the quotient of the 
flux by the area of the surface when the latter is uniformly 
illuminated. 

Foot-Candle (ft-c). The foot-candle is the unit of illumina- 
tion when the foot is taken as the unit of length. It is the 
illumination on a surface 1 square foot in area on which there 
is a uniformly distributed flux of 1 lumen, or the illumination 
produced at a surface all points of which are at a distance of 
I foot from a uniform point source of I candle. 

Luminous Efficiency. The luminous efficiency of radiant 
energy is the ratio of the luminous flux to the radiant 
flux. 

Radiant Energy ( f/). Radiant energy is energy traveling 
in the form of electromagnetic waves. It is measured in 
units of energy such as ergs, joules, calories, or kilowatt- 
hours. 

Spectral Radiant Energy ^ d U/d\), Spectral radiant 
energy is radiant energy per unit wavelength interval at 
wavelength X ; for example, in ergs per micron. 

Radiant Flux {4> ^ d U/dt; alternate symbol, P). Radiant 
flux is the time rate of flow of radiant energy. It is expressed 
preferably in watts, or in ergs per second. 

Radiant-Energy Density (u ^ dU/dV), Radiant-energy 
density is radiant energy per unit volume; for example, in 
ergs per cubic centimeter. 

Radiant-Flux Density {W = d4>fdA). Radiant-flux den- 
sity at an element of surface is the ratio of radiant flux at 
that element of surface to the area of that clement; for exam- 
ple, in watts per sejuare centimeter. When referring to a 
source of radiant flux, this is also called radiancy. 

Radiant Intensity (J = d<t>/do)). The radiant intensity of 
a source is the energy emitted per unit time, per unit solid 
angle about the direction considered; for example, in watts 
per steradian. 

Spectral Radiant Intensity (J\ « dJ/d\). Spectral radiant 
intensity is radiant intensity per unit wavelength interval; 
for example, in watts per steradian or per micron. 

Tottd Emissivity (€«). The total emissivity of an clement 
of surface of a temperature radiator is the ratio of its radiant- 
flux density (radiancy) to that of a black body at the same 
temperature. 

spectral Emissivity (€x). The spectral emissivity of an 
element of surface of a temperature radiator at any wave- 
length is the ratio of its radiant-flux density per wiit wave- 
length interval (spectral radiancy), at that wavelength, to 
that of a black body at the same temperature. 


7-21 FLUX CALCULATION 

Photosensitivity to luminous flux is commonly measured 
in microamperes per lumen. To obtain a luminous flux of I 
lumen (or what is generally used, 0.1 lumen), the following 
formula may be used. 

^ (7-7) 

where Im = luminous flux in lumens at an aperture 

C = mean horizontal candlepower of light source 
A = area of aperture 

d = distance between light source and aperture. 

Measurements of this type must be made within a light- 
proof box having an interior surface of high absorptivity, 
and preferably baffled to prevent unwanted light reflected 
from the glass walls of the source appearing at the aperture 
(O.l lumen is usually used for measurement purposes os 
I lumen may injure the photosensitive surface). 
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T he discovery and use of x-rays by Roentgen in 1895 
may be regarded as the first practical application of 
electronics. The importance of this discovery in 
introducing electronics is secondary only to the role x-rays 
pla 3 ied in startling the complacent nineteenth-century 
world with a phenomenon which could not be explained in 
terms of classical physics. X-rays have served as a key 
to modern quantum physics and all the phenomena asso- 
ciated with the modem concept of the atom. In addition, 
x-rays as used in radiology and x-ray diffraction are extremely 
valuable industrially. Finally, x-rays have filled a vital 
human need in medical radiology and therapy. 

One of the reasons why x-rays were not discovered sooner 
is that special methods, such as light-sensitive emulsions 
and ionization chambers, are required for their detection. 
In addition, with the exception of natural radioactive proc- 
esses, the combination of materials and circumstances neces- 
sary to produce x-rays do not occur in nature. Since x-rays 
result from the collisions of high-speed electrons with atoms, 
a source of such electrons is necessary. High voltages * are 
generally used for accelerating electrons. The process of 
x-ray production is confined to the evacuated chamber of an 
x-ray tube to avoid an excessive number of collisions between 
the electrons and the atoms of the gaseous medium, thus 
preventing arc-over between electrodes and maintaining 
electrical insulation. In addition, vacuum prevents oxida- 
tion of tube parts which operate at high temperature. 

81 PHYSICAL PROPERTIES OF X-RAYS 

Electromagnetic radiations of extremely short wavelength 
are produced by collision of high-velocity electrons and 
atoms. These radiations were called x-rays at the time of 
their discovery because of the mystery surrounding their 
origin. From numerous investigations x-rays are now 
known to be propagated at the speed of light; they follow 
the inverse square law, are unaffected by electric or magnetic 
fields, and can be reflected, diffracted, refracted, and polar- 
ized. X-rays can produce fluorescence and phosphorescence, 

^ Although high-speed electrons can be produced by magnetic fields 
and other methods, acceleration by high voltage is at present the sim- 
plest and most economical method of achieving a million electron volts 
or less. 


and can modify, damage, or destroy living cells. Their 
ability to blacken sensitized film in proportion to their inten- 
sity, in addition to their property of penetrating solid matter, 
is the basis of radiography. 

The (juantity and intensity of x-rays can be measured in 
terms of their physical, chemical, or biological effects. The 
practical unit of x-ray quantity, the roentgen, is defined in 
terms of the ionizing properties of x-rays. One roentgen is 
that quantity of x-radiation which will ionize 1 cubic centi- 
meter of air sufficiently at a temperature of zero degrees 
centigrade and an absolute pressure of 760 millimeters of 
mercury to produce 1 electrostatic unit of charge at satu- 
rated current. All secondary electrons within the volume 
must be fully utilized, and sei^ondary radiation from the wall 
of the chamber must be avoided. The roentgen (or r unit) 
per second is the corresponding unit of intensity. 

As indicated in Chapter 1, the energy of an x-ray photon 
of frequency v is hv, where h is Planck^s constant. To excite 
photons of frequency v or energy bombarding electrons 
must have kinetic energies equal to or greater than hv. It 
is thus evident that x-rays produced by collisions between 
electrons and the target of an x-ray tube have an upper fre- 
quency limit which is determined by the kinetic energy of 
the electrons as they impinge upon the target. The maxi- 
mum frequency Vmax that can be obtained by impressing E 
volts between the anode and cathode of an x-ray tube is 
determined by the following (luantum equation: 

Ee 1 „ 

= hvxxxixx = ~ Wt' (8*1) 

300 2 

where m is electron mass, v is electron velocity, and e is 
electron charge. Thus, the highest frequency which can be 
produced by a 100-kilovolt potential across an x-ray tube is 
2.4 X 10^® cycles per second. The energy associated with 
an x-ray quantum of this frequency is 1.6 X 10“^ erg, which 
by equation 8 • 1 is also the kinetic energy of a 100-kilovolt 
electron as it approaches the target. Since this energy is 
the maximum which can be transferred to a photon for this 
voltage, x-rays of higher frequencies can be produced only 
by increasing tube voltage. 

Numerical values of the variables in equation 8*1 are 
plotted in Fig. 8* 1 as a function of peak voltages. Curve 
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Chapter 8 


Characteristic X-Ray Lines 


139 


which represents electron velocity calculated without a rela- 
tivity correction, reaches the speed of light at 250 kilovolts. 
Actual electron velocities/ shown on curve B, never can 
attain the speed of light because of a relativity increase of 
mass with velocity which would result in infinite mass at 
the velocity of light. 



1.0 


OJ 


z 



001 


Fia. 8-1 Maximum frequency, minimum wavelength, and electron 
velocities as functions of impresscil x-ray-tube voltage. 


8-2 THE CONTINUOUS X-RAY SPECTRUM 


spectrum is independent of the material of the target. The 
total energy of the spectrum is approximately proportional 
to the atomic number of the target material, to the electron 
current, and to the square of the impressed tube voltage for 
constant tube current. 



The probability that the kinetic energy of an electron 
will be released in the form of higli-frecjuency radiation upon 
collision with the target of an x-ray tube is small. It depends 
upon the atomic number of the target and the impressed tube 
voltage. The chance of transferring all the electron energy 
to a photon as the result of a single collision is even lower. 
There is a greater probability that a partial exchange of 
energy will occur; this means that a large number of the 
photons are of relatively low energy and long wavelength. 

For a particular value of d-c tube voltage, a continuous 
spectrum of x-rays is produced, the maximum frequency of 
which is determined by equation 8*1. The character of the 
spectrum as determined by Ulrey^ is shown in Fig. 8-2 in 
which monochromatic x-ray intensity is plotted as a func- 
tion of wavelength. Thus, an x-ray tube operating at a 
given voltage produces a continuous band of wavelengths, 
the shortest being determined by the kinetic energy of the 
electrons as they impinge upon the target. 

The maximum on the curve of relative intensity versus 
wavelength occurs at a wavelength approximately 1.5 times 
the minimum wavelength defined by equation 8-1. The 
frequency or wavelength characteristic of the continuous 


Fig. 8-2 Ulrey^s curves for quality of x-radiation from a tuuKsten 
target for various values of tube voltage. The wavelength is indicated 
in unit<a of 10~® centimeter. (Reprinted with permission from 
C. T. Ulrey, “An ExfKirimcntal Investigation of the Energy in the 
Continuous X-Ray Spectra of Certain Elements,*' Phya. Rev.^ Vol. 11, 
1918, p. 401.) 

8-3 CHARACTERISTIC X-RAY LINES 

In addition to the continuous x-ray spectrum which has 
frequency characteristics independent of the target material, 
some of the x-rays emitted have wavelengths characteristic 
of the target, provided certain energy conditions are ful- 
filled by the exciting electrons. These characteristic radia- 
tions owe their origins to electron transitions in the various 
orbits of the atom. 

As described in Chapter 1, atomic electrons are represented 
in modern theory to occur in a succession of shells about the 
nucleus of the atom, each of these shells being composed of 
sub-shells or orbits. If an electron in a shell near the nucleus 
is removed by collisions with high-speed electrons or photons, 
an electron from an outer shell of the atom ‘‘falls** into the 
vacated position. If 6W represents the differenee in energy 
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between the two levels, the frequency of the characteristic 


radiation is 


AW = hr 


(8-2) 


The so-called K shell is closest to the nucleus and is the 
shell of greatest stability and lowest potential energy. Radia- 
tion emitted because of electron transitions to this shell is 
referred to as characteristic K radiation. Subscripts indi- 
cate the shell sub-levels or orbits involved in the transitions. 
Since the K shell is the shell of lowest potential energy, 
AW is large. Thus, the frequency of the characteristic K 
radiation is higher and the radiation more penetrating than 
the radiation associated with electron transitions to the L, 
M, N, and O shells, which are outer electron orbits of the 


The characteristic K lines of tungsten do not appear in 
Fig. 8 ’2 because the tube voltage is not high enough to excite 
the K lines, which occur at 0.179, 0.184, 0.185, 0.209, and 
0.213 angstrom units. If tube voltage were increased to 
150 kilovolts, the minimum wavelength of the continuous 
curve would shift to 0.082 angstrom units, and the K lines 
would appear as sharp lines or peaks rising from the con- 
tinuous curve and reaching relatively high values of intensity. 

8*4 ABSORPTION AND SCATTERING OF X-RAYS 

The spacing between atoms of metals is of the order of 
magnitude of several angstrom units. Thus, x-ray wave- 
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WAVELENGTH OF MONOCHROMATIC X-RAYS IN ANGSTROM UNITS 
Fio. 8-3 X-rsy transparency curve as a function of monochromatic wavelength for beryllium, aluminum, iron, and copper sheet. 


atom. Radiations produced by transitions to shells farther 
from the nucleus than the K shell accordingly are referred 
to as L, M, N, and O radiation, respectively, subscripts 
again being used to indicate the sub-levels. 

The wavelength of the K.y line, the x-ray line having the 
highest characteristic frequency for a given element, is indi- 
cated in Table 8-1. Minimum voltage required to transfer 
enough energy to an electron to excite the line of various 
elements is indicated in a separate column. 


Tabus 8*1 Characteristic Emission 



Atomic 

Wavelength 

Equivalent 

Electron 

Element 

Number 

of Ky Line 

Volts 

Aluminum 

13 

7.96 

1,650 

Chromium 

24 

2.06 

6,000 

Iron 

26 

1.74 

7,100 

Nickel 

28 

1.48 

8,350 

Copper 

29 

1.38 

8,9^ 

Molybdenum 

42 

0.619 

20,000 

Tungsten 

74 

0.179 

69,000 

Lead 

82 

0.141 

87,600 


lengths in Fig. 8 • 1 are small compared with lattice spacings. 
The probability of x-ray absorption by a solid decreases as 
the wavelength decreases. In other words, penetration of 
the rays increases with increasing tube voltage. 

In passing through material of thickness x, x-rays of 
intensity I are absorbed according to the following equation: 

/ = /oc-"* = (8-3) 

where I is equal to the intensity of the emergent beam, n is 
the absorption coefficient, and the absorption coefficient 
divided by the density p is defined as the mass absorption 
coefficient. The latter coefficient is commonly used because 
it is independent of the physical state of the material. 

The mass absorption coefficient of a metal is a function of 
its atomic number and the wavelength of the incident radia- 
tion. Absorption involves removing x-ray photons from the 
primary beam, thus reducing the intensity of the transmitted 
beam. At usual radiographic voltages absorption is pro- 
duced by the scattering of the beam by the material tra- 
versed and by photoelectric absorption of photons. The 
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absorption coefficient /i/p may be expressed 



where c is the scattering coefficient, r is the photoelectric 
absorption coefficient, and cr/ p and r/p are the mass-scatter- 
ing and mass-photoelectric-absorption coefficients respec- 
tively. 

Loss of radiation from the primary beam by scattering 
is a direct consequence of a change of photon direction by 

EQUIVALENT ELECTRON KILOVOLTS 



WAVELENGTH OF MONOCHROMATIC X-RAYS 
IN ANGSTROM UNITS 

Fio. 8-4 X-ray transparency curve as a function of monochromatic 
wavelength for various thicknesses of aluminum sheet. 
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pressed voltages would produce the continuous spectra of 
Fig. 8*2 and, if voltages were high enough, monochromatic 
lines characteristic of the material also would occur. 

As shown in Fig. 8-3 materials of low atomic number, such 
as beryllium and aluminum, are much more transparent to 
x-radiation than are elements of higher atomic number, such 
as iron and copper. However, all materials are virtually 
opaque to radiations of very long wavelength, and the dif- 
ferences in the intensities of the transmitted beam become 
less as the wavelengths decrease in magnitude. 

In the transparency curves for aluminum and iron (Figs. 
8-4 and 8»6 respectively), increasing thickness of the speci- 
men reduces the transmitted beam intensity. Thus, by 

EQUIVALENT ELECTRON KILOVOLTS 
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Fig. 8-5 X-ray transparency curve as a function of monochromatic 
wavelength for various thicknesses of iron sheet. 


AbBorpticn and Scattering of X-Rays 


interaction of the x-ray beam with the atomic system of the 
material traversed. In general, scattering not only changes 
the direction of photons but also produces a degeneration of 
photon energy, resulting in increased wavelengths. 

Photoelectric absorption is probable if the hv energy of 
the photon is about the same as the energy required to remove 
an electron from a particular orbit in the atom, or to excite 
it to a higher level of potential energy within the atomic 
system. As would be expected, the critical absorption fre- 
quencies of a given element correspond closely to the charac- 
teristic K, L, M series of the material. 

The photoelectric-absorption coefficient varies approx- 
imately as the cube of the wavelength within certain ranges 
of the spectrum. The scattering coefficient which, according 
to classical theory, should be a constant, actually varies with 
wavelength and atomic number. 

The ratio I/Iq, as determined from various published 
data*-^‘ ^ on /i/p, is plotted in Fig. 8-3 for various metals 
as a function of the wavelength of homogeneous incident 
radiation. The minimum voltage capable of producing such 
monochromatic radiation according to equation 8*1 is indi- 
cated for reference only at the top of the figure. Actual im- 


traversing a non-homogeneous specimen, a reasonably uni- 
form beam is modified so that it has intensity maxima closely 
conforming in size to the more x-ray-transparent areas of the 
specimen. The greater the difference in x-ray intensities 
and the larger the areas involved, the more obvious the lack 
of homogeneity of the specimen is to the eye when the image 
is viewed. 

Actually the x-ray beam is heterogeneous. Since the 
long-wavelength portion of the beam does not have the pene- 
trating ability of the short-wavelength fraction, more of the 
long-wavelength radiation is absorbed in passing through a 
given material, in this way tending to shift the maximum on 
the continuous x-ray curve to shorter wavelengths. The 
effect of various thicknesses of aluminum in modifying the 
quality of the 50-kilovolt curve of Fig. 8*2 is shown in Fig. 
8 • 6. Wavelengths of the continuous spectrum are a function 
of the applied voltage. Thus a greater predominance of 
long-wavelength low-voltage radiation will occur if a 
constant-potential impressed voltage is replaced by half- 
wave or full-wave voltage of the same maximum value, 
because the average voltage is lower in both these in- 
stances. 
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Fia. 8 • 6 Change in quality and relative intensity of 50-kilovolt radia- 
tion sent through sheets of aluminum. 

8-5 FACTORS AFFECTING QUALITY OF X-RAY 
EXAMINATION 

There are two stagevS in x-ray inspection: first, production 
of a non-homogeneous beam by differential absorption of the 
primary x-ray beam and, second, the recording of the inten- 
sity differences in the beam by conversion of the x-ray energy 
into a medium perceptible to the human senses. For sim- 
plicity, the x-ray beam, immediately after it has traversed 
a specimen, is called the ‘‘modified” x-ray beam. 

The quantity of x-rays per second traversing a given speci- 
men and reaching a recording medium, such as an x-ray 
film, can be adjusted by varying the peak voltage f across 
the tube, and the plate current through it. For a particular 
peak voltage the current through the tube determines the 
x-ray intensity at a given distance from the tube. Because 
x-ray intensity varies inversely as the square of the distance, 
the distance of a recording medium from the tube is one of 
the variables in x-ray inspection. The time of the x-ray 
exposure determines the dosage or total quantity of x-rays 
reaching a recording medium at a given distance from the 
tube. The product of kilovolts and milliamperes determines 
the power into the anode of the tube. Increasing the voltage 
and maintaining the product of kilovolts and milliamperes 

-r 

t Voltage across an x-ray tube is commonly expressed in peak kilo- 
volts, and the current through it in terms of average direct current in 
milliamperes. 


constant results in increased output, even though the power 
into the tube is constant, because the output from a tube is 
a function of applied voltage, and x-ray absorption by a 
specimen decreases with increasing tube voltage. 

Several devices are used for indicating or recording inten- 
sity differences in an x-ray beam, among them x-ray sensi- 
tive film, fluoroscopic screens, ionization chambers, Geiger- 
Mueller tubes, or a combination of two or more of these 
devices. 

The ability of the human senses to perceive, by means 
of some particular recording medium, a lack of homogeneity 
in the x-ray beam resulting from differential absorption in 
the specimen depends upon many variables. First, it de- 
pends upon the magnitude of differences in x-ray intensity 
in the modified beam because of differential absorption in 
the specimen. These differences are a measure of contrast 
in the modified beam which may be termed “specimen con- 
trast.” Of even greater importance are the differences 
finally occurring on the recording medium, which may be 
referred to as “total contrast.” Total contrast depends 
upon specimen contrast or contrast in the modified beam, 
and upon the rate of change of a given variable on the record- 
ing medium, such as density on an x-ray film, with small 
changes in x-ray-beam intensity. In addition to contrast, 
x-ray inspection quality depends upon the sharpness of the 
recorded images, which in turn depends upon geometrical 
variables, the nature of the recording medium, and the 
magnitude of scattering from the primary x-ray beam. 

8-6 CONTRAST IN RADIOGRAPHY 

Contrast in a radiograph is a function of the difference in 
density between different parts of the film. Greater differ- 
ences in blackening, or increased contrast, facilitate the 
perception of detail in the radiograph. Contrast is depend- 
ent largely upon the type of film employed and upon the 
factors which determine the amount and relative wave- 
length of the x-radiation used to make the exposure. As 
indicated in Section 8-5, radiographic contrast may be sub- 
divided into film contrast and specimen contrast. Film 
contrast depends upon the film characteristics, and how the 
fihn is developed. 

The general response characteristic; of commercial film is 
indicated in Fig. 8-7. In this curve film density Ls plotted 
as a function of the logarithm of relative exposure. Film 
density is defined in terms of the amount of light the film 
transmits. If Iq is the intensity of the light incident upon 
the film and I is the intensity of the light leaving the film, 
then film density D is defined as the log of the reciprocal of 
the transparency of the film or 

Z) = logy = logy (8-6) 

To 

The contrast of a given film is determined by the slope of 
the density-exposure curve. The steeper the curve, the 
greater are the differences in density between different parts 
of the radiograph. Thus, variation of primary beam inten- 
sity as produced by the specimen may be accentuated in 
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terms of film density if a film of high contrast is used. The 
shoulder of the curve limits the contrast at high intensities. 
Such curves for some industrial films do not have shoulders 
within the range of usable densities. 

In general, the quantity of x-rays reaching the film 
through the material being radiographed is adjusted so that 
the film densities fall on the portion of the curve with the 
steepest slope, where the contrast is greatest. The amount 
of radiation reaching the film through the specimen is con- 
trolled by adjusting plate current, time of exposure, voltage 
across the tube, and tube-film distance. A sample exposure 
chart for various sections of steel is shown in Fig. 8*8. The 
exposure factors are usually chosen to give a film density of 
about 1.0. Since the quality, or spectral distribution of 
x-ray intensity versus wavelength, depends upon the equip- 
ment used, technique charts must not only stipulate the film 
and the absence or presence of intensifying screens and filters, 
but also the circuit employed in generating the x-ray beam. 

For a given material, specimen contrast is determined 
largely by tube voltage, and by the quality of x-radiation 
produced by the generator, which in turn depends upon the 
circuit employed and the amount of filtration in the primary 
x-ray beam. Figure 8-4 shows that monochromatic radia- 
tion which has traversed a specimen of aluminum would 
have far greater relative intensity differences at low voltages 
than at high voltages. In other words, the contrast on a 
film exposed to the emergent beam would be greater at low 
voltages because of greater specimen contrast. 



Fig. 8-7 Typical film density versus log-x-ray-c^xposure curve fa 
commercial x-ray film. New industrial films do not have shoulder. 
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Monochromatic radiation is an abstract concept as far as 
most radiography is concerned. For actual impressed d-c 
voltages a continuous spectrum is obtained, instead of the 
monochromatic line indicated in Fig. 8*4. The predomi- 
nance of lower-voltage radiation produces greater contrast 
than is indicated in the figure. Figures 8*3, 8*4, and 8-5 
may therefore be considered to indicate minimum contrast. 

Film contrast, as mentioned previously, is measured by 
the slope of the curve of Fig. 8*7. Specimen contrast may 
be expresscMi as the ratio of the x-ray intensities of various 
cross-sectional areas in the x-ray beam as it leaves the speci- 
men. Since the intensity of the beam at a given tube volt- 
age is inversely proportional to the milliampere-minutes 
required to produce a given density for a particular film, it 
is possible to obtain valuable information as to specimen 
contrast from a technique chart such as Fig. 8-8. 

For this discussion, the technique factors in Fig. 8-8 are 
assumed to give a density of 1.0. The milliampere-minutes 
which, according to Fig. 8*8, are required to make exposures 
of film density equal to 1.0 for a steel specimen having sec- 
tions 1.5 inches thick and 2.0 inches thick are listed in Table 
8-2 for various voltages. It is evident that specimen con- 
trast, as expressed by the ratio of x-ray intensity leaving the 
1.5-inch section to the x-ray intensity leaving the 2.0-inch 
section, increases markedly as the tube voltage is decreased 
from 170 to 140 kilovolts. 

Table 8*2 Numekical Effect of X-Ray Tube Kilovoltagb on 
Contrast and Latitude 

Specimen Con- 
trast or Ratio 





of X-Ray In- 

Film Density 




tensity from 1.5- 

Produced by 




Inch Steel Sec- 

1.5-Inch Sec- 



Milliampere- 

tion to Intensity 

tion when 



Minut>es 

from 2.0-Inch 

2.0-Inch Sec- 


Thickness 

Required to 

Steel Section for 

tion Is Held 


of Specimen 

Produce Film 

a Given Primary 

to Density of 

Kv 

(inches) 

Density 1.0 

X-Ray Beam 

1.0 Inch 

170 

1.5 

2.2 

10.9 

3.3 


2.0 

24 



150 

1.5 

11 

19.1 

3.8 


2.0 

210 



140 

1.5 

35 

28.6 

4.3 


2.0 

1000 




Usual radiographic techniques cannot accommodate a 
wide variation in specimen thickness at low voltages. If 
the technique is adapted to certain sections of the material, 
other sections may be underexposed or overexposed; that 
is, the film density may be too low, or so high that the radio- 
graph cannot be viewed easily. The latitude, or ability to 
accommodate wide variation in specimen thickness, may be 
increased at the expense of contrast by the use of higher 
tube voltages. Greater latitude also may be obtained with 
special filters, and by simultaneous use of several films 
having different response characteristics. 

The effect of voltage on contrast and latitude may be 
quantitatively determined by the use of Figs. 8-7 and 8-8. 
If the technique factors in Table 8-2 are adjusted^ to give a 
density of 1.0 for the 2.0-inch section of steel, the film densi- 
ties produced by the greater x-ray intensity transmitted by 


the 1.5-inch section may be determined • directly from these 
two figures. 

According to Table 8*2 the quantity of x-rays passing 
through the 1.5-inch section is 28.6, 19.1, and 10.9 times 
greater than the quantity passing through the 2-inch section 
for the 140-, 150-, and 170-kilovolt exposures respectively. 
From Fig. 8*7, the logarithm of the relative exposure re- 
quired to produce a density of 1.0 for the film used is 1.4. 
Since the exposure for the 1.5-inch section is 28.6 times 
the exposure for the 2-inch section at 140 kilovolts, 
the log of relative exposure for the 1.5-inch section is equal 
to 1.4 -f* log 28.6 = 2.86. From Fig. 8*7, the density corre- 
sponding to the logarithm of relative exposure of 2.86 is 
4.3. As indicated in Table 8*2, the densities which would 
be obtained through the 1.5-inch section for 150 and 170 
kilovolts are 3.8 and 3.3 respectively, if the 2-inch section is 
held at a density of 1.0. 

By using curves such as those in Figs. 8*7 and 8*8 it is 
possible to keep the maximum film densities low enough so 
that the radiographs can be viewed with ordinary illumina- 
tors. With a film viewer having greater illumination inten- 
sity some sections of film which might previously have been 
considered overexposed now can be examined. Recent film 
viewers are equipped with brilliant lamps in the center of 
the viewer, which permit viewing films with densities from 
4 to 5. 

8-7 SCATTERING IN RADIOGRAPHY 

Scattered radiation contributes to the x-ray intensity 
leaving a specimen in a manner which docs not conform to 
the radiographic properties of the specimen. It thus tends 
to nullify the variation in primary beam intensity produced 
by the specimen, and in this way reduces contrast and detail. 

Scattering is produced by the specimen and by materials 
near the specimen which are exposed to the primary beam. 
In radiographing thick specimens, scattering frequently 
produces a greater effect at the film than radiation due to 
the primary beam. For example, the scattered radiation in 
radiographing ^-inch steel sheets’ is twice as intense as 
the primary radiation. 

It is desirable to mask the specimen completely to pre- 
vent scattering from the film adjacent to the specimen, and 
to avoid overexposing sections of the film. Specimens usu- 
ally are masked by x-ray-opaque diaphragms which limit 
the cross-sectional area of the primary beam to an area 
smaller than the area of the specimen. Metallic shot, or 
liquids with high x-ray absorptivity, are frequently used to 
cut down the beam at the outer surfaces of the specimen, 
thus reducing undercutting of the specimen and scattering. 

Scattered radiation can be most effectively reduced by the 
use of a Bucky diaphragm, illustrated in Fig. 8*9. The 
grid, which consists of narrow strips of lead with an x-ray- 
transparent space between adjacent strips, is placed between 
the specimen and the film. The primary beam passes be- 
tween the lead strips, but secondary rays are intercepted as 
indicated in the diagram. The grid is moved uniformly 
across the film during the exposure to prevent grid lines on 
the film. Radiographic sensitivity usually is increased by 
the use of a Bucky diaphragm. 
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If such a diaphragm is used, the x-ray intensity at the 
fihn is reduced, thus requiring an increase in exposure time 
which is frequently threefold or more. Moreover, use of 
the Bucky diaphragm requires an increase in distance be- 
tween object and film, which reduces sharpness of the image 
on the film. Because of these disadvantages, and because 



Fig. 8-9 Schematic diagram showing how primary rays pass through 

bucky to film wliile secondary scattered x-rays are intercepted. 

the Bucky diaphragm cannot be made with the continuous 
travel required for long exposures, its industrial applications 
are limited. 

Filters are widely used to reduce undesirable radiation 
at the film. Such filters have little effect on the quantity of 
radiation through the specimen, since only the radiation of 
short wavelengths, which is not absorbed appreciably by 
the filter, succeeds in penetrating the specimen. Filters 
absorb substantial quantities of low-voltage long-wavelength 
radiation which does not penetrate the specimen and which, 
unless filtered, causes high x-ray intensities at the film, with 
resulting scattering and undercutting. 

Filters are frequently used in the primary beam between 
tube and specimen, and also between specimen and film. 
Filters placed near the tube can be smaller in size; and they 
lessen the probability that scattering from the filter proper 
will affect results. Filters between specimen and film have 
the advantage of reducing scattering originating in the speci- 
men and the disadvantage of increasing specimen-film 
distance. 

8-8 UNSHARPNESS t IN RADIOGRAPHY 

The finite size of focal spots in x-ray tubes produces radio- 
graphic images which are not completely sharp. The width 
of the unsharp region is a direct function of geometrical fac- 
tors, and may be defined from the similar triangle relations 
in Fig. 8-10 (a) according to the following equation: 

«,=/•- ( 8 - 6 ) 
X 

X The term unsharpness is commonly used in place of the less negative 
expression sharpness, because it can be defined and measured. 
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where Ug is the so-called geometrical unsharpness, / is the 
focal spot width, d is the specimen-film distance, and x is the 
distance from the tube to the specimen. Increasing the 
film-specimen distance from d to d', as shown in Fig. 8 • 10 (6), 
decreases the width of the umbral region of the shadow — 
length he in Fig. 8-10 (a) — to zero. For given values of x 
and d, the smallest cavity length I which will cast an umbral 
shadow is 


I 


= / 


d 

d 


(8-7) 


According to Ball and Draper,® the legibility of the image 
on the film depends upon total contrast (/>»• — Db) of Fig. 
8*10 (c), which must exceed 0.02 density unit, and also 
upon the rate of change of film density with distance on the 
film AD/ Ax which must exceed 0.2 density unit per inch. 
These factors tend to be higher if umbral shadows occur. 

Motion of the focal spot, the specimen, or the film during 
the exposure affects sharpness adversely, producing a meas- 
urable value of so-called motion unsharpness. The focal 
spot and the film usually can be made stationary, but it may 
be convenient or necessary to have movement of the speci- 
men. In Fig. 8*11, if v is the velocity of the edge of the 
specimen and t is the duration of the exposure, then motion 
unsharpness Um caused by motion of the specimen parallel 
to the film is 



In addition to geometric and motion unsharpness, there is 
an unsharpness associated with the type of film. Unless the 
radiograph is to be subsequently enlarged, film unsharpness 
is negligiL'l**.; compared with the other types of unsharpness. 


FOCAL r ^ 



(a) 
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Fig. 8 • 10 (a) Relationship between geometric un.sharpness and other 

geometric variables. Distances ab and cd are penumbral shadow, 
be unbral shadow. (6) Geometric condition for the umbral shadow 6c 
to equal zero, (c) Graphical represemtation of density on film for (o) ; 

Di is image density and Dh is background density. 


A more serious type of unsharpness is introduced by the use 
of intensifying screens, which are discussed in Chapter 27. 

The cumulative or combined effect of the various types 
of unsharpness is referred to as total unsharpness. Total 
unsharpness limits the detail which can be seen in the radio- 
graph. Effective total unsharpness, according to Warren,® is 
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more closely approximated by the largest individual unsharp- 
ness than by the sum of the individual unsliarpness values. 

Radiographic techniques have conflicting requirements 
with respect to tube-film distance. Large tube-film distance 
produces sharp images and reduces distortion; but x-ray 
output is reduced according to the invei-se square law. Prac- 
tical tube-film distances represent compromises between 
output and radiographic quality rec|uirements. 

In Section 8 15 the factors affecting x-ray loading as a 
function of focal-spot size are discussed. Since loading into 
the focal spot determines output, the economical use of high 
output to produce more radiographs per unit time, and some- 
times to minimize motion unsharpness, conflicts with the 



Fig. 8*11 Relationship between motion unsharpness Um» Keomeirical 
unsharpness Ug, and other geometrical variables. 

requirement that the focal spot be small in size to reduce 
total unsharpness in the interests of quality. Thus, the 
selection of focal-spot size also represents a compromise 
between output and radiographic quality requirements. 
Double focal tubes are used for applications requiring both 
high and low outputs, to provide the maximum sharpness 
consistent with output requirements of the technique em- 
ployed. 

8*9 GAS-FILLED X-RAY TUBES 

X-rays were discovered in 1895 by Roentgen, who used a 
gas discharge tube such as the one indicated in Fig. 8*12 (a). 
In this type of tube, gas molecules are ionized, or split into 
electrons and positive ions, upon application of high voltage. 
The positive ions then bombard the cathode under the influ- 
ence of the electric field, producing electrons which are 
accelerated to the anode or anticathode, thus generating 
x-rays according to the principles indicated in Section 8*1. 
Actually in Roentgen^s tube the electrons bombarded the 
glass at the anode end of the tube, producing x-mys and a 
glass fluorescence which was at first mistaken for the source 
of x-rays. 


A similar type of tube had been made up in 1894 by Lenard 
in which the glass at the anode side of the tube was replaced 
by a thin window of aluminum. Lenard found that when 
“cathode rays,'' as the discharge was then called, were shot 
against the window, they penetrated it and excited a glow 
in the air immediately adjacent to the tube window. 
J. J. Thomson in a series of experiments, 1897-1898, proved 



Fig. 8 12 (a) Cathode-ray type of tube used by Roentgen in the dis- 
covery of x-rays. (Reprinted with permission from Applied X-Rays^ 
by George L. Clark, published by McGraw-Hill Book, 1940.) 

that cathode rays were negatively charged particles, now 
called ele(!trons, by deflecting them in magnetic and electric 
fields of known strengths. 

As knowledge of the mechanism of x-ray production grew, 
the designs of the tubes were improved. The x-ray intensity 
from Roentgen's original tube was limited because the target 
was the glass w’all of the tube and it was low in atomic num- 
ber and had poor thermal properties. Later, gas-filled tubes 
were provided with metallic targets, as indicated in Fig. 
8* 12 (6), and also mth concave cathodes to focus the cathode 
rays on the target. 

A serious disadvantage of the gas-filled tubes was that 
the tube current was dependent upon tube voltage, and 
.slight increases in tube voltage considerably augmented the 
ionization effects, thus causing more current to be drawn. 



Fig. 8 • 1 2 (6) Gas-filled x-ray tube w*ith metal target and concave 
cathode cup for focusing electron beam. (Reprinted with permission 
from X-RaySf by Kayo, published by Longmans, Green and Co., Ltd., 

1923.) 

An additional disadvantage of the gas-filled tubes arose 
from the critical nature of the pressure requirements. The 
normal operating pressure for these high-voltage discharge 
tubes was of the order of a number of microns. Too high a 
gas pressure in the tube would result in a “soft” tube, or 
one in which comparatively low values of tube voltage were 
required for the discharge. On the other hand, when the 
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pressure in the tube became too low, higher voltages were 
required to produce the gas discharge, and the tube was 
said to become “hard/^ 

Unfortunately, the gas pressure in such tubes decreased 
with continued life, owing to the ^‘cleaning up” of gas caused 
by absorption on the walls of the tube. In order to maintain 
some degree of constancy of x-ray output during tube life, 
it was necessary to admit gas by diffusion into the tube by 
heating a small palladium tube attached to the bulb, or by 
passing a spark through a side tube containing a material 
capable of giving off gas. 

Gas tubes are frequently used in precise x-ray diffraction 
work in order to avoid contamination of the target and, 
hence, of the spectral output of the tube by material evapo- 
rated from the filament. 

8-10 STANDARD TYPES OF X-RAY TUBES 

Independence of tube current and tube voltage was the 
great advantage of the hot-filament vacuum tube developed 
by Coolidge. These tubes have long life, can be made smaller 
in size than earlier tubes, and can be operated directly from 
high-voltage transformers. Plate (mrrent is determined 
largely by the temperature of the tungsten filament. Typical 
characteristic curves of a hot-filament x-ray tube are shown 
in Fig. 8-13. 



Fig. 8-14 Early type of hot-cathode high- vacuum tube. (Reprinted 
with {permission from X-Rays^ by Kaye, published by Longmans, Green 
and Co., Ltd., 1923.) 



Fig. 8*13 X-ray- tube current a.s a function of full- wave {peak kv across 
100-kv x-ray tube for various values of filament current. 

The early hot-filament x-ray tubes had tungsten targets, 
as illustrated in Fig. 8-14. Later tubes used copper-backed 
tungsten targets to conduct the heat through the envelope 
to an external radiator; this permitted the use of smaller 
bulbs. Protection against x-rays was obtained by the use of 
lead-glass shields outside the tubes. One of these is shown 
in Fig. 8-15. Other methods of protection against x-rays 
involved the use of lead-glass bulbs as part of the tube 
envelope; also metal center sections, which were lead-covered. 
More recently, so-called rayproof x-ray tubes have been 
produced. One of these is illustrated in Fig. 8*16. Such 
tubes are enclosed in insulating housings made of lead- 
impregnated plastic materials. 

A dosage of x-rays not exceeding 0.1 r unit per day is con- 
sidered safe. According to the Bureau of Standards,^® a 
minimum thickness of 1.5 millimeters of lead or its equiva- 
lent is necessary for protection agauist 100-kilovolt-peak 



Fig. 8-15 Early t 3 rpe of copper-backed tungsten target x-ray tube 
with external lead-glass shield for x-ray protection. (Reprinted with 
permission from The Science of Radi(Aogy, by Glasser, published by 
Charles C. Thomas, Springfield, 111.) 
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radiation. A minimum thickness equivalent to 2.5 milli- 
meters of lead is considered necessary for 150-kilovolt-peak 



Fio. 8- 16 X-ray tulx* in non-shockproof rayprouf housing. 
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that is, by mounting it in an oil-immersed grounded con- 
tainer or head, and making high-voltage connections to it 
through grounded cables. The x-ray-tubehead is generally 
equipped with a lead casing or an internal lead cylinder, or 
is manufactured of a heavy x-ray-absorbing material. Shock- 
proofing the tube permits reducing its size, since the mini- 
mum spacing required to prevent sparkover is much smaller 
in oil than it is in air. A shockproof head connected to the 
transformer by internally grounded cables is shown in Fig. 
8-17. An alternative method involves mounting both the 
tube and the high-voltage generating equipment in the same 
oil-filled container. 

Most tubes manufactured now are of the shockproof type. 
Common oil-immersed tubes have maximum voltage ratings 
vdthin the following ranges: 70-95, 100-125, 130-190, and 
200-250 kilovolts. 

Tubes with Maximum Ratings between 70 and 96 Kilovolts 
Peak 

These tubes have copper-backed tungsten targets and are 
most freciuently operated on self-rectified circuits in which 
alternating voltages are applied to the tube. Since electrons 
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radiation; 5,0 millimeters for 225-kilovolt-peak radiation. 
Required x-ray protection, indicated by Braestrup,^^ takes 
into account the continuous load on the tube and the dis- 



Fio. 8-17 Shockproof 220-kilovolt industrial x-ray unit with exter- 
nally grounded high-voltage cables providing electrical connections to 
x-ray tube mounted in grounded head. 


tance of operating personnel. Safety of personnel using 
x-ray equipment is increased by ‘‘shockproofing^’ the tube; 
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Fig. 8-18 Cross section looking toward anode through middle of x-ray 
tube. Relative positions of electrically groundefl head, x-ray window, 
and insulating oil are indicated. X-ray protection is usually provided 
by a cylinder of lead (not shown) around tube. 


can flow only from the cathode to the anode, current is uni- 
directional through the tube. The high-voltage transformer 
and the tube generally are mounted together in a small oil- 
filled portable container. An x-ray transparent material, 
usually a plastic, is mounted in the shockproof container to 
serve as the x-ray aperture. Such plastic windows are gen- 
erally shaped as indicated in the cross-sectional sketch of a 
regular type of tubehead shown in Fig. 8-18. This arrange- 
ment permits maintaining electrical clearance between the 
tube and the grounded portion of the tubehead, at the same 
time minimizing the thickness of oil in the x-ray beam and 
thus minimizing absorption and scattering by the insulating 
oil. Tubes in this voltage range are used industrially for 
radiographing thin sections of materials of low atomic num- 
ber, and for medical and dental radiography. 

Tubes with Maximum Ratings between 100 and 126 Kilovolts 
Peak 

Stationary-anode and rotating-anode tubes are used in 
this voltage range, usually with shockproof heads (see Fig. 
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8-18) connected to the generators by shockproof cables. 
The stationary-anode tubes have copper-backed tungsten 
targets, and the load is dissipated from the anode through a 
copper rod to an oil-immersed radiator. Rotating-anodo 
tubes are manufactured both with copper-backed targets 
and with tungsten disk-type targets which dissipate load by 
radiation. Four rectifier full-wave generators and half- 
wave generators are most frequently used for tubes in this 
voltage range. Blowers and fans can be applied to the tube- 
heads to increase their continuous heat dissipation. Besides 



Fia. 8 • 19 High-8|)ecd x-ray tube capable of passing currents of several 
thousand amperes for periods of about 1 microsecond. 


their industrial application, these tubes arc used for medical 
diagnosis and for superficial therapy. 

Tubes with Marimnm Ratings between 130 and 190 Kilovolts 
Peak 

These tubes have copper-backed tungsten targets. Forced- 
oil circulation is used sometimes to di.Hsipatc heat from the 
anode; or the oil in the tubchead may be cooled by water 
coils. These tubes arc used most frequently with two recti- 
fier half-wave and four rectifier full-wave generators. They 
are used for industrial radiography and intermediate therapy. 

Tubes with Majcimum Ratings between 200 and 260 Kilovolts 
Peak 

These tubes generally have copper-backed tungsten tar- 
gets. The anodes usually are cooled by forced-oil circula- 
tion, and the oil in turn is cooled by an external heat ex- 
changer in which heat is transferred to a water-cooling sys- 
tem, or to a forced-air-cooling system. Such tubes are used 
with shockproof heads and interconnecting grounded cables. 


with constant potential supplies, with the Villard circuit 
mentioned in Chapter 27, and with half-wave generators. 
Frequently they are operated on a self-rectified basis in the 
same tank as the high-voltage transformer. They are used 
for industrial radiography and for deep therapy. 

Air-insulated tubes are seldom operated much above 
100 kilovolts for radiographic purposes. However, air- 
insulated tubes with large tungsten targets and large focal 
spots are used for intennediate and deep therapy at voltages 



Fia. 8-20 Tube for x-ray diffraction work. fCourtesy of Machlctt 
Laburatorics, lue.) 

as high as 200 kilovolts. The continuous rating of these tubes 
is frequently incTeased by the use of a blower on the bulb. 

In some industrial applications it is necessary to make 
radiographs in times so short as to preclude conventional 
methods of timing exposures. To obtain useful x-ray inten- 
sities in such intervals, it is necessary that currents as large 
as 1000 amperes pass through the tube. The hot tungsten- 
filament tube cannot pass these currents because of the 
limitations imposed by space charge and safe operating 
temperatures of the filament. Slack and l^hrke developed 
a 360-kilovolt cold-cathode tube with which an exposure of 
approximately 1 microsecond can be made. A sketch of 
this tube and the associated circuit is shown in Fig. 8*19. 
The circuit is arranged so that the capacitors are charged 
in parallel and discharged in series. The high voltage ini- 
tially causes a discharge between the cold cathode and the 
focusing cup; this discharge releases metallic ions. Because 
of the high resistance in series with this circuit, the discharge 
transfers to the tungsten target of the tube, producing posi- 
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tive-ion bombardment of the cathode and bombarding the 
anode with high-speed electrons, which produce x-rays for 
the duration of the high-speed discharge. 

Besides the tube types mentioned, sealed-off tubes are 
made for applications requiring 1000 and 2000 kilovolts. 

A tube for diffraction work is shown in Fig. 8-20. Such 
tubes ai*e used at voltages up to about 50 kilovolts with 
targets of special materials, such as copper, chromium, 
molybdenum, cobalt, and iron. Since the characteristic 
x-ray lines of the elements used as target materials are of 
relatively long wavelengths, the windows of recent diffrac- 
tion tubes have been made of beryllium because of the high 
transparency of this element to radiation of long wavelength. 


8- 11 THE BETATRON, A MAGNETIC-raDUCTION 
ELECTRON ACCELERATOR 

An ingenious method of producing high-speed electrons 
was devised by Kerst.^®* This method makes a high- 
voltage source of power unnecessary, and thus has the great 
advantage of requiring no high-voltage insulation. 



Fia. 8 *21 Cross-scctional sketch showing magnetic poles of the beta- 
tron. The doughnut-shaped vacuum tube of Fig. 8-22 is inserted 
between tlieae poles so that the electron path coincides with the ele<!tron 
orbit .shown above. (Reprinted with permission from D. W. Kerst, 
“Betatron, Radiology^ Feb. 1943.) 


The principle of the method of accelerating electrons in 
the so-called magnetic-induction accelerator is not compli- 
cated. An electron of mass m and charge e, moving with 
velocity i; in a magnetic field H perpendicular to its path, 
describes in the plane perpendicular to the magnetic field a 
circular motion. Its radius r may be expressed in electro- 
static units by the following equation : 


re 

rwv = H- (8-9) 

c 

where c is the speed of light. 

As long as H is constant the electron moves in its orbit 
at a constant speed v. But if the magnetic flux <t> enclosed 
by the orbit is increased with time, the electron is subject to 

a tangential electric field ^ and is accelerated 

2irrcdt 

according to the equation: 


eE^ 


d(mv) 

dt 


e d4 
2Trc dt 


( 8 . 10 ) 


If the magnetic field Ls chosen so that it increases propor- 
tionally with increase in momentum of the electron, r in 


equation 8*9 is a constant. By integrating equation 8-10 
and equating with equation 8-9, Kerst has shown that a 
stable orbit ro is obtained, if the conditions of the following 
equation are satisfied : 


H 


27rro^ 


( 8 . 11 ) 


Thus the magnetic-field intensity at the orbit of the electron 
must be one-half the average intensity within the orbit. To 
satisfy this condition, the poles of the magnet used by Kerst, 
as illustrated in Fig. 8*21, are so shaped as to provide a 



ORBIT EXPANDING COILS 


Fig. 8-22 Doughnut-shapod vacuum tuljc employed by Kerst in a 
20-million-electron-volt betatron. Fleet rons ai*e injected into the orbit 
at beginning of the cycle and arc brought into contact with target at 
time C by expansion of the orbit. (Reprinted with permission from 
D. W. Kerst, “Betatron,” Radiology ^ Feb. 1943.) 


strong central magnetic field (and thus a high flux density) 
within the orbit, and a relatively weak magnetic field at the 
circumference of the orbit to maintain the electron within 
the ro orbit. 

Stray electrons which are deflected from the equilibrium 
orbit by collisions with residual molecules in the vacuum 
can be made to go into a damped oscillation across the plane 
of the equilibrium orbit by the selection of a properly shaped 
magnetic field. As shown in Fig. 8 * 21, the magnetic lines of 
force must bulge outward between the poles of the magnet. 
Thus electrons with velocity components not parallel to the 
plane of the orbit are forced back toward this plane. 

Kerst employed an alternating magnetic field of 600 cycles 
per second for his 2.5-million-volt betatron,^® and a fre- 
quency of 180 cycles per second for the equipment with 
which he produced electrons having 20 million electron 
volts of energy.^^ The sequence of operation is shown on the 
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magnetic-field curve of Fig. 8-22. Electrons are injected 
into the orbit at the beginning of the cycle at time A, and 
the orbit is expanded at time C, after the completion of the 
first quarter of a cycle. During this 3.^20-second period, the 
electrons rotate about the orbit, traveling a distance of some 
100 miles and picking up a relatively small value of electron- 
volt energy with each revolution. X-rays are produced 
when the electrons in their expanded orbit spiral and hit the 
injector. 

The energy attained by the electron as a result of the large 
number of revolutions while the magnetic flux is increasing 
is roughly the same as the voltage which would be generated 
by a transformer having the same number of turns and 
subject to similar magnetic conditions. Thus the betatron 
is similar to a transformer, except that high-voltage insula- 
tion is not re(iuired, nor is the special multisection x-ray tube 
insulated for the full output voltage. 

The betatron, like the cyclotron, produces high-energy 
particles without the high-voltage source usually employed. 
In the cyclotron, however, the magnetic field is not a source 
of energy and is used only to cause the positive ions to 
revolve in spiral paths, and thus be subject to the accelerating 
effects of properly phaswl electric fields. Proper phasing is 
obtained by an increase in ion velocity tt» compensate for 
an increase in ion path per revolution. However, electrons 
because of their small mass rapidly approach the speed of 
light at high energies, and thus are unable to satisfy the 
condition of increasing velocity. In addition, requirements 
for high-frequen(!y power would be excessive. 

The betatron (;an be used as a source of high-energy elec- 
trons or x-rays. Baldwin and Koch employed the high- 
voltage x-radiation from a 20-million-electron-volt betatron 
to make measurements on the quantum energies necessary 
to disintegrate the nuclei of various elements, as indicated 
by induced radioactivity. 

8- 12 FACTORS AFFECTING THE DESIGN OF X-RAY- 
TUBE ENVELOPES 

Most x-ray tubes are diodes, and their construction and 
design, in relation to the number of elements, should be very 
simple. Much of the simplicity of construction is lost, how- 
ever, in making the tube suitable for routine high-quality 
work on an economical basis. A cross-sectional sketch of a 
typical x-ray tube is shown in Fig. 8-23. 

Two principal insulating requirements are imposed by the 
conditions of operation: first, the space between the elec- 
trodes must be insulating; and, second, the envelope must 
be able to withstand the maximum tube voltage without 
dielectric breakdown. For the space between anode and 
cathode to be insulating and yet permit electrons originating 
at the cathode to be accelerated to the anode, a low pressure 
must be maintained within the tube envelope. If a tube 
has too low a pressure to produce a gas discharge when a 
given voltage is impressed, it may (if the pressure is high 
enough) experience a gas discharge when the filament is 
energized, because of ionization of the gas by the electron 
current to the anode. 

Insulating properties of the envelope are, of course, deter- 
mined by the thickness, length, shape, and material of the 
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envelope. A hard, highly resistant glass such as Pyrex is 
suitable, because it is relatively transparent to x-rays, is 
vacuum tight, and by the use of intermediate glasses can be 
sealed to the electrodes of the tube. 

The length of air-insulated tubes is limited by the danger 
of external sparkover. Dimensions of shockproof tubes are 



Fig. 8-23 Cross-sectional sketch of a typical x-ray tube. 


not limited by external sparkover so much as by considera- 
tions of stable operation. Figure 8-24 indicates roughly 
glass-insulation lengths for oil-immersed and air-cooled 
tubes. Photographs of air- and oil-insulated tubes are shown 
in Fig. 8 *25. 

For stable operation, the anode-cathode spacing must be 
adjusted so that no cold-emission effects can occur. Single- 
section tubes rated at more than 400 kilovolts have serious 
design limitations imposed by the high fields between elec- 
trodes. Cold-emission discharges resulting from the high 
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Fig. 8 • 24 Curves showing approximate glass-insulation over-all lengths 
ior air- and oil-insulated single-section x-ray tubes. 


fields tend to produce instability which may cause high- 
voltage oscillation, or which may affect voltage distribution 
on the bulb to produce electric stresses higher than the 
dielectric strength of a given thickness of envelope. The 
insulating member then is punctured, and the vacuum is 
destroyed. 
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The bulb tends to pick up negative charges during opera- tubes produces serious consequences, a system of collimating 
tion of the tube as a result of bombardment by electrons electrodes is used to minimize this effect. Usually each 
scattered from the anode. For high voltages, particularly section is tied to a definite potential by means of a potential 
if the tube is operated on a self-rectified basis, it is frequently dividing metluxl such as a resistance divider. With appro- 





Fio. 8-25 Three modem types of x-ray tubes. The longer tubt* is a 250-kilovolt forred-oil-cixded industrial radiographic tube. The tube in the 
center is a 100-kilovolt air-insulated insert tube for use in rayproof housing. The short tube is a 100-kilovolt oil-immersed radiographic tube. 


desirable to use hooded-anode tubes. This construction 
eliminates or reduces electron bombardment of the gla.ss 
wall. 

The dielectric strength of an insulator is a non-linear 
function of its thickness. High-voltage x-ray tubes designed 
as single-section units would need to be excessively long, if 
they were to have a proper factor of safety. High-voltage 
tubes can be made shorter, and the electric fields between 
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Fig. 8*26 Typical multi.section x-ray tube designed to reduce high- 
voltage fields and electron bombardment of glass insulation. 


electrodes and the electric stresses on the insulating envelope 
can be minimized by the use of the multisection^rinciple. 
A typical multisection section is shown in Fig. 8*26. Since 
electron bombardment of the insulating members of these 


priate spacings, a 1,000,000- or 2,000,(X)0-volt tube, having 
lower electric fields between electrodes and less stress on the 
insulating envelope than some single-section tubes of much 
lower voltages, can be built. 

To reduce absorption of x-rays by the glass walls of the 
tube, the useful beam frocpiently is brought out through a 
specially ground window in the bulb. The effect of variation 
in window thickness on the absorption of x-rays is shown in 
Fig. 8*27 as determined by Trout and Atlee.^* According 
to equation 8*3 such curves should be straight lines when 
plotted on a semilogarithmic scale. The change of slope of 
the curves is caased by the change in quality of the beam as 
it traverses the material. As illustrated in the curves of 
Fig. 8 • 6, the effective wavelength of a beam becomes shorter 
as it traverses a given specimen. The shorter wavelength 
results in smaller values of the absorption coefficient and in 
a decrease in the slope of the curves as the thickness increases. 

The quality of the beam therefore depends upon both the 
wave form of the impressed potential and the filtration in 
terms of the equivalent thickness of aluminum or copper. 
Thus, an x-ray tubehead will have an inherent filtration of 
X millimeters of aluminum, if this thickness will reduce the 
intensity of x-rays leaving the target by the same amount 
as the x-ray-absorbing materials ordinarily present in the 
system. For voltages in excess of 260 kilovolts, the inherent 
filtration is usually expressed in millimeters of copper. 
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Fid. 8-27 Curv(*s itidicalinK absorption of x-rays as a function of the thickness of Pyrex glass for various values of half-wave peak kilovolts. 
(Reprinted with permission from Am. J. RoerUgemlogy arid Radium Therapy^ Vol. 30, No. 8, Aug. 1933, courtesy of Charles C. Thomas, publisher, 

Springfield, 111.) 


It is convenient to describe the quality of the beam from 
an x-ray generator in terms of the so-called half-value layer. 
Absorption curves like the ones shown in Fig. 8 -27 are unique 
functions of the quality, or distribution of wavelengths in a 
beam. Thus, the thickness of copper or aluminum necessary 
to reduce the radiation intensity to one-half its original value 
provides a measure of the average or effective quality of the 
beam. The relation between the inherent filtration and the 
half-value layer is indicated in Fig. 8*28, 

8-13 DESIGN OF ANODE AND CATHODE 
ASSEMBLIES 

A radiographic tube usually is designed with its target at 
an angle of about 20 degrees with the direction of the uselul 
beam. The projected area of the focal spot in the useful 
direction is smaller than the actual area of the focal spot on 
the target by the sine of 20 degrees or 0.342. This differcnco 
permits a substantial reduction in the effect ive size of the 
focal spot without affecting the x-ray output in the useful 
direction. 

Although a smaller target angle would increase the ratio 
of actual spot size to projected spot size, this angle is seldom 
reduced beyond 15 degrees because the useful angle of the 
beam would become too small to permit the desired film 
coverage. In addition, x-rays emerging from the target at 
a small angle with respect to its plane surface are weaker in 
intensity because they travel a greater distance through the 
target material from their point of origin slightly beneath 
the surface of the target. 



MILLIMETERS OF ALUMINUM 

Fig. 8*28 Curves showing the relationship between the half-value 
layer in millimeters of aluminum and inherent filtration for various 
values of half-wave peak kilovolts. (Reprinted with permission from 
Am. J. Roentgenology and Radium Therapy ^ Vol. 47, No. 5, May 1942, 
courtesy of Charles C. Thomas, publisher, Springfield, 111.) 
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Electrostatic focusing is almost universally employed in 
fixing the focal-spot size on the target. In the so-called line- 
focus tube the tungsten filament is mounted in a specially 
machined focal cup similar to the one shown in Fig. 8-23. 
Though the efficiency of tungsten filaments is low compared 
with the efficiency of thoriated and oxide-coated filaments, 


'Ray Tubes 

throat width appear in Fig. 8-30 (b). A uniform distribu- 
tion of load on the focal spot is not desirable because cooling 
is more rapid at the periphery than at the center of the focal 
spot. Thus, uniform distribution of the load will produce a 
temperature maximum at the center, which will limit the 
load. Temperature at the outer edges will be relatively low. 



Fig. 8-29 Diagram showing geometrical arrangement of focal-spot 
camera. The diameter of pinhole d is usually 0.5 or 0.25 millimeter. 

coated filaments are undesirable in high-voltage tubes be- 
cause of cold-emission effects which occur when the elec- 
trodes become contaminated \v4th materials of low work 
function. 

The size and distribution of energy in the focal spot depend 
upon the widths and lengths of the mouth and throat of the 
cup, and upon the depth at which the filament is mounted. 
The energy distribution of a given focal spot may be deter- 
mined by taking an x-ray picture of it, a pinhole camera 
being used as indicated in Fig. 8-29. The size of the pro- 
jected focal spot / in terms of F, the apparent focal-spot size 
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Fig. 8-30 (a) Separation of the pairs of lines forming the focal-spot 
pattern of line-focus tubes as a function of the filament mounting depth. 
The focal-spot patterns at several depths are indicated above the 
curves. (Reprinted with permission from N. C. Bee.se, “Focusing of 
Electrons in an X-Ray Tube,” Rev, Set. Instruments, July 1937.) 
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Fig. 8-30 (5) Separation of the pairs of focal-spot lines a.s a function 
of focal-spot depth for various values of focal-cup throat width. (Re- 
printed with permission from N. C. Beese, “Focusing of Electrons in an 
X-Ray Tube,” Rev. Set. I nstruments, July 1937.) 

Increasing the load energy along the edges of the spot tends 
to equalize temperature distribution, thus allowing greater 
loads. 

The electron beam in a tube tends to broaden as it leaves 
the cathode because of the mutually repulsive foriies exerted 
by like charges. However, magnetic forces of opposite 
direction,'®' which increa.se with beam velocity, are set 
up because of the flow of charge. Thus, as tube voltage is 
decreased, beam divergence increases. In addition, as the 



Fig. 8-31 Typical stem-radiation picture of copper-anode x-ray tube. 


as measured on the film, and the other dimensions defined 
in the figure are given by the following equation: 

( 8 . 12 ) 

0 

The distribution of energy in the focal spot as d^rmined 
by Beese ” is shown in Fig. 8-30 (a) as a function of depth 
of filament mounting. His data on the effect of varying the 


electron density in the beam is increased by increasing the 
tube current, the focal-spot size becomes larger. The change 
in focal-spot size with tube voltage and current, however, 
is relatively small within the limits established by tube 
ratings. 

The focal spot is the primary source of the x-radiation, 
but other parts of the anode may provide appreciable radia- 
tion because of primary electrons reflected from the focal 
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spot, and because of secondary and tertiary electrons leaving 
the focal-spot area at high speeds and swinging back to the 
anode under the influence of the high fields. Pinhole pictures 
indicating the relative intensity of the radiation leaving dif- 
ferent portions of the anode are shown in Fig. 8-31. 

The efficiency of production of x-rays is given approxi- 
mately by the following equation: 


X-ray energy 
Cathode-ray energy 


= KZE 


(8.13) 


where Z is the atomic number, E is the impressed voltage, 
and X is a constant. At 100 kilovolts the efficiency is be- 
tween 0.5 and 1 percent for a tungsten target, assuming 
X = 1.11 X 10~®, as determined by Compton and Allison.^* 
Remaining energy must be dissipated from the target as 
heat. For this reason, heat transfer from the anode is one 
of the important problems of x-ray-tube design. 

Tungsten has been widely accepted as the target material 
because of its low vapor pressure, high melting point, high 
atomic number, and reasonably good thermal condu(5tivity. 
In addition, it is economical, can be bonded with copper, 
and has satisfactory cold-emission properties. 

Since a primary function of the anode in a tube with a 
copper-backed tungsten target is to conduct the heat through 
the envelope to the outside environment, the surface 
of the anode assembly must be regarded as part of the tube 
envelope, and the seal between the anode and the bulb must 
be vacuum-tight. To satisfy this requirement, a glass-to- 
metal seal like the one shown in Fig. 8*23 is made. The 
expansion coefficient of the glass-sealing metal and the glass 
must be very close through the range of temperatures en- 
countered in processing the tube and in later service. Until 
recently, a feather-edged copper thimble was used to make 
the glass-to-rnetal seal. The thin-copper feather edge per- 
mitted differences in expansion between the copper and the 
glass, Avhereas a heavier edge would have caused the glass to 
crack. Unfortunately, the seal was difficult to fabricate 
because the feather edge was easily overheated during glass- 
ing operations. Kovar, an alloy developed by Scott,^^ 
mat(!hes the coefficient of expansion of some glasses closely 
throughout the useful temperature range. Since the glass 
used to seal Kovar does not exactly match the coefficient of 
expansion of Pyrex, a so-called graded seal made up of 
glasses with intermediate coefficients of expansion is used. 
The softening points of the intermediate glasses must be 
considered in selecting them, since it is desirable to have 
the glasses soften in the same temperature range. 

In some medical applications high radiation intensity, a 
low degree of unsharpness, and short exposure time are 
required. To permit the desired loading of the tube it is 
necessary to rotate the anode, thus spreading the heat over 
a large area and confining the source of x-rays to a small 
effective area. Tube currents as large as 200 milliamperes 
arc conunonly used with a 1-millimcter effective focal spot; 
and currents as high as 500 milliamperes arc used with a 
2-millimeter effective focal spot. The usual exposure times 
are Hoy and Ho second. Accurate timers are required 
to prevent overloading of the tube. 

The anode, which is supported on ball bearings, is rotated 
at high speed by an oil-immersed induction motor, the coils 


of which are at ground potential and are mounted around 
the outside diameter of the anode portion of the bulb. The 
rotor of the induction motor is part of the anode assembly. 
Since these tubes must be outgassed on exhaust at tempera- 
tures somewhat higher than their normal loading, a good 
temperature-resistant vacuum lubricant must be used. In 
these tubes heat dissipation under continuous load creates a 
special design problem, for the bearings provide a poor 
thermal conducting path to the outside of the tube envelope, 
and they must be kept cool. 

8-14 MANUFACTURE OF X-RAY TUBES 

It is fairly easy to reduce the pressure in an x-ray tube to 
10“^ or 10“^ millimeter of mercury. This pressure, if main- 
tained, would insure the absence of unstable gas discharges 
during operation. Simple evacuation to a low pressure 
would not produce a stable tube. Liberation of gas by 
heating or by electron bombardment of the various internal 
surfaces of the tube during operation would quickly increase 
pressure enough to produce gas discharges upon application 
of high voltages. In addition, absorbed gas on the surfaces 
of the tube would cause cold emission, with consequent 
instability. Because of the importance of completely out- 
gassing tube parts, x-ray tubes require careful manufacturing 
methods. 

Tube parts must be highly polished to reduce electric 
fields. Most tube parts must be chemically cleaned, and 
some are heated by high-frequency induction in a vacuum 
bottle for preliminary outgassing before the exhaust opera- 
tion, which permanently evacuates the tube by removing 
gas from both the tube volume and the tube walls. This 
so-called prevacuum tre?atment permits heating the tube 
parts to higher temperaturtis than can be tolerated during 
actual tube exhaust, since exhaust temperatures must be 
kept low enough so that vapor pressure deposits on the tube 
envelope do not impair insulation. Furthermore, the tem- 
perature which can be applied to parts scaled in the tube is 
limited by the proximity of parts having relatively low 
melting points, such as glass, or of metal parts having rela- 
tively high vapor pressures. Since many pure metals have 
low vapor pressures, whereas their oxides or other com- 
pounds have high vapor pressures, tube parts are frequently 
baked in hydrogen furnaces to reduce oxides. Hydrogen, 
which can easily be outgassed on exhaust, tends to replace 
other absorbed gases on these parts. 

For convenience in sealing, the parts of a conventional 
tube are assembled as so-called cathode and anode assem- 
blies. These assemblies are mounted on glass stems which 
have flare diameters closely conforming to the internal 
diameters of the ends of the envelope. The assemblies are 
sealed into the tube envelope. Nitrogen or a similar gas is 
usually flushed through the tube envelope during sealing to 
prevent oxidation of the tube parts. A tubulation which is 
later used to connect the tube to the exhaust system is also 
sealed to the tube. Immediately following sealing, the tube 
is connected to a preliminary exhaust system, is evacuated, 
and then is tipped off. This operation prevents the parts of 
the tube from oxidizing while they are cooling, keeps them 
hermetically sealed in an environment of low pressure until 
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the tube is ready for exhaust, and permits testing the tube 
for “vacuum-tightness/' 

During exhaust the various parts of the tube are heated 
to temperatures that make oiitgassing reasonably complete. 
Usual exhaust schedules consist of cycles of baking, high- 
frequeney-induction heat treatment, and high-voltage opera- 
tion. During baking the entire tube is heated to a tempera- 
ture limited only by the softening temperature of the glass 
bulb. Iligh-frequency-induction heating frees the metal 
parts from gas, making subsequent operation of the tube on 
exhaust more stable. The temperature of the tube parts 
during high-voltage operation on exhaust is much higher 
than any temperature encountered during normal operation. 

8-16 RATING OF X-RAY TUBES 

As indicated in previous sections of this chapter, effi- 
ciency of x-ray production is rather low because of (1) the 



KILOVOLTS PEAK 


Fig. 8*32 X-ray output as function of peak kilovolts for various cir- 
cuits. Tube has }^-inch glass filter, and 1 millimeter of external copjjer 
filter. (Reprinted with permission from Am. J. Roentgenology and 
Radium Therapy^ Vol. 30, Aug. 1933, courtesy of Charles C. Thoma.s, 
publisher, Springfield, 111.) 


relatively low efficiency of conversion of electron energy into 
x-ray energy; (2) absorption of x-rays by the walls of the 
tube and by the oil and window of the tubehead; (3) absorp- 
tion of x-rays by the spiecimen; (4) attenuation of x-rays 
according to the inverse scjuare law; and (5) the low per- 
centage of x-radiation which performs useful radiographic 
work on the film or recording medium. 

Medical applications require high x-ray output for times 
which are short enough to minimize motion unsharpness. 
To keep the geometrical unsharpness low enough to permit 
the required diagnasis, tubes must have small focal spots. 
As the result of medical requirements, the safety factors 
indicated on short-time-rating charts are low comflfared with 
the factors of safety in other electronic tubes. Until re- 
cently, short-time-rating charts were provided only with 


tubes designed for medical use, with maximum voltages of 
100 kilovolts or less. The rotating-anode tube was devised 
because, even with reduced factors of safety, the outputs of 
stationary-anode tubes were still too low to satisfy all the 
requirements for radiographing thick sections of the body. 

An x-ray exposure involves impressing a given voltage 
across a tube, passing a given current through it by adjusting 
filament temperature, and controlling the time of exposure, 
usually by means of a timer in the primary circuit. Exposure 
factors for industrial radiographic work usually are shown on 
technique charts, such as Fig. 8-8, and are indicated in 
terms of peak voltage and the milliampere-seconds or milli- 
ampere-minutes required to produce a given film density. 
Because of the dependence of output upon wave form, such 
charts usually specify the partiindar circuit. 

The wave form of a generator has an important influence 
on the quantity of x-rays, as shown in Fig. 8-32, where the 
roentgen-ray output of different circuits is indicated as a 
function of peak impressed-plate potentials. The higher 
x-ray output from constant-potential circuits is a direct 
consequence of the dependence of x-ray output upon volt- 
age. Since a pulsating wave form impresses low potentials 
across the tube for substantial fractions of the cycle, the 
output is relatively lower. 

Tube ratings, as expressed in terms of peak voltage and 
average direct current, depend upon the circuit employed. 
Thus a tube rated continuously at 200 kilovolts peak and 
25 milliamperes for full-wave applications may have a rating 
of only 200 kilovolts and 18 milliamperes on constant poten- 
tial. Power dissipated by the anode is the determining factor 
in ratings, and is essentially the same in both these examples. 

Because of the low efficiency of x-ray production, almost 
all the energy going into the anode must be dissipated as 
heat. To achieve the desired x-ray outputs, energy input 
must be rather large. JOnergy input to the tube is limited, 
however, by the danger of melting or vaporizing some parts 
of the anode, or of exceeding safe operating temperatures 
for other parts of the tube. In oil-cooled tubc»s the external 
surfaces of the anode in contact with the oil must not become 
hot enough to deteriorate the oil, or ‘‘carbonize” it. 

To prevent overheating of the anode assembly, the thermal 
path to (jonvey heat energy from the anode to the external 
environment must be adequate, and loading limits must be 
established for all possible field conditions. A complete 
definition of ratings involves specifying the maximum aver- 
age direct current in milliamperes as a function of the peak 
voltage across the tube and of exposure time. Limits must 
be assigned to the magnitude and frequency of successive 
exposures, and finally a continuous rating for the tube must 
be established. Such ratings, of course, vary with the circuit 
in which the tube is employed. 

Limitations on Short-Time Loading of X-Ray Tubes 

Short exposures are necessary to minimize motion unsharp- 
ness, to save time, and to increase the number of radiographs 
w’^hich can be taken in a given period of time. A conventional 
exposure chart for full-wave operation is shown in Fig. 8*33 
for a tube having a projected focal-spot size of 4.2 square 
millimeters. Exposures up to several seconds have relatively 
low values of total energy, and they raise the average tern- 
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perature of the anode system only slightly after the anode 
has come to equilibrium. However, this concentration of 
energy into a small area on the target during a short interval 



Fia. 8-33 Conventional type of rating cliart for 100-kilovolt oil- 
immersed x-ray tube with projected foc^al-spot size of 4.2 square milli- 
meters. Maximum values of peak kilovolt and d-c average milliamperes 
are indicated as a function of exposure time. 

results in extremely high local temperatures of short dura- 
tion. The limitation on ratings for short times results from 
the possibility of melting, cracking, and vaporizing the sur- 
face of the tungsten focal spot. 

Temperature distribution from the surface of the tungsten 
target into the copper anode has been calculated by 



Fia. 8 • 34 Dist ribution of maximum tomporaturcs for a copper-backed 
x-ray anode having a tungsten t.arget 2 millimeters thick for loading 
of 200 watt-s por square millimeter and exposure times of 1 and 0.01 
second. (Reprinted with permission from A -Ray Research and 
Development^ Phillips Research Laboratories, p. 24.) 

Bouwers,*^ who used simplifying approximations. Figure 
8-34 indicates the maximum-temperature gradients he de- 
rived for a copper-backed tungsten target 2 millimeters 


thick for exposures of 1 second and 0.01 second. The curve 
Wi-Cui indicates the temperature distribution for a load of 
20,000 watts per square centimeter for 1 second. If the 
thickness of the target is reduced, the temperature of the 
surface of the tungsten also is reduced because copper has a 
higher thermal conductivity than tungsten. However, the 
maximum temperature of the copper is limited by its melting 
point at 1083 degrees centigrade; therefore a minimum 
thickness of tungsten must be maintained to prevent melting 
the copper adjacent to the tungsten. For exposures under 
0.04 se(^ond, Bouwers has expressed the temperature of the 
target surface as 

T = (8-14) 

A v ^ 


where Q is calorics per square centimeter, K is the coefficient 
of thermal conductivity of the target material, t is the time 



Fig. 8 -35 Condensed rating chart for the tube in Fig. 8 -33, indicating 
the products of the inaxitiuun values of peak kilovolts and d-c average 
milliamperes as a function of exposure time for full-wave, half-wave, 
and self-rectified types of operation. 

in seconds, and cr is ociual to the coefficient of thermal con- 
ductivity divided by the thermal capacity per cubic centi- 
meter. 

For a given exposure time the products of the maximum 
values of peak voltage and average direct current in milli- 
amperes in the rating chart shown in Fig. 8-33 are equal to a 
constant. In other words, the energy applied to the anode 
during this time is the limiting factor in determining the 
rating. The conventional rating chart may be simplified by 
indicating only the fundamental information. Thus Fig. 
8*35 indicates the product of peak voltage and average 
direct current in milliamperes (which is proportional to 
power) as a function of exposure time for full-wave, half- 
wave, and self-rectified operation. These curves, particu- 
larly for the short-exposure times, are parallel to the so- 
called melting curve for the tungsten focal spot in which 
the product of the peak voltage and average direct current 
in milliamperes required to melt the focal spot is plotted as 
a function of exposure time. 

Although the average power on half-wave and self-recti- 
fied operation is approximately the same as that on full- 
wave operation for the same values of peak voltage and 
average direct current in milliamperes, the peak values of 
current are approximately twice as great for half-wave and 
self-rectified equipment as a result of the suppression of half 
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a cycle. Thus the maximum of the cyclic variation of focal- 
spot temperature during an exposure at a given product of 
voltage and current is much higher for half-wave and self- 
rectified operation, and the half-wave and self-rectified 
ratings must be lowered with respect to full-wave ratings 
to prevent the greater intermittent peak loading from melt- 
ing the spot. 

Self-rectified or a-c operation applies a load to the target 
equivalent to the half-wave load but has an additional 
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limited by temperatures of the focal-spot region, and the 
kilovolt-milliampeie power curves for full-wave, half-wave, 
and self-rectified operation merge into one curve. 

The effect of focal-spot size in limiting power which can 
be applied for a given time (and hence the x-ray output 
which can be obtained from the tube during this time inter- 
val) is shown in Fig. 8-36. In this figure the full-wave kilo- 
volt-milliampere values are indicated as functions of ex- 
posure time for various focal-spot sizes. Such curves define 
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Fig. 8 '36 Comprehensive full-wave ratinfi; chart .showing maximum expo.sure factors for 100-kilovolt-typo tube of Fig. 8-33. Kilovolt, milli- 
ampere, and heat-unit ratings are indicated for various focal-s|x>t sizes fm functions of exposure time for exposures from short timers to the continuous 

rating of the tube. 


serious loading limitation. If tungsten is heated to incan- 
descence its electron emission becomes appreciable. Since 
the inverse voltages in self-rectified operation would sweep 
electrons emitted by the anode to the cathode, the tempera- 
ture of the focal spot must be limited to values which will 
not cause excessive electron emission. When back emission 
from the target is produced by a-c overloads, it frequently 
melts parts of the focal cup, or increa.ses the temperature of 
the filament by electron bombardment, which in turn in- 
creases emission to the anode. This progressive increase in 
current will quickly destroy the tube if allow'ed to proceed. 

As the exposure time in Fig. 8*35 is increased, the power 
rating of the tube decreases. Ilow^ever, total energy, which 
is proportional to the product of pow’^er and exposure time, 
becomes greater with increase in expasure time. For long 
exposures the rating is not limited by the possibility of over- 
heating the focal spot, but by the heating of the entire anode 
by application of large values of energy long enou^i to allow 
dissipation of energy into the rear portion of the anode 
assembly. For long exposures the ratings are no longer 


ratings for individual exposures from short times to the con- 
tinuous rating of the tube at the extreme right of the chart. 
For an oil-immersed tube such a chart is based on maintain- 
ing ambient-oil temperature below" a stipulated critical 
temperature. 

In Figs. 8 '35 and 8-36 the focal-spot-rating curves inter- 
sect a curve of sharper slope at long exposure times, further 
limiting the load which can be applied. This limiting curve 
depends upon the heat capacity and the continuous heat 
dissipation of the tube. 

Heat Capacity; Limitations on Exposure Time and Length 
and Frequency of Successive Exposures 

The rating of a tube may be expressed in terms of ^‘heat 
units^^ as well as in kilovolt-milliampere units. Heat units 
are defined as the product of peak kilovolts, average direct 
current in milliamperes, and exposure time in seconds. The 
x-ray energy generated by a tube at a given voltage is directly 
proportional to the heat units of the exposure. The ratings 
indicated in Fig. 8*36 are shown also in terms of heat units. 
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Since the kilovolt-milliampere unit is proportional to power, 
the heat unit (which is the product of the kilovolt-milli- 
ampere or power unit) and time in seconds are proportional 
to energy. If Qa. is the energy applied to an anode during 
an exposure, then the average rise in temperature of the 
anode assembly may be expressed by the equation 

Qa = cmAT (8-15) 

where c is the specific heat, m is the mass of the anode assem- 
bly, and AT is the average rise in temperature of the anode 
assembly. The energy or heat units applied to an anode as 
the result of a given exposure or series of exposures then de- 
termines the average temperature rise of the anode. If a 
particular temperature rise A7\„ax is selected as the maximum 
allowable average temperature increase of the anode, by 
equation 8-15 a maximum energy input to the tube, which 
may be called Qmax, also is fixed. Qmax in heat units is de- 
fined as the heat capacity of the tube. The temperature 
selected Jis the maximum average temperature at which the 
anode can be allowed to operate depends upon temperature 
limitations of the various parts of the anode and radiator 
assembly and upon considerations of stability during tube 
life. 

The heat capacity of the tube limits the magnitude and 
frequency of successive exposures. Su(?cessive exposures 
may be applied to a tube within tlie limitations imposed by a 
short-time-exposure chart, such as Fig. 8*33, until the heat 
capacity of the tube is reached. A further limitation is im- 
posed by the necessity of allowing high local temperatures 
at the focal spot to decrease by dissipation of heat into the 
rear portions of the anode. An interval of about 5 seconds 
between exposures usually is recommended. The heat 
capacity of a tube, in addition to limiting a scries of short 
exposures, also limits long exposures. Figure 8-30 shows a 
plateau at 1(K),000 heat units on the curve of heat-unit 
rating versus time because the heat capacity of the tube 
described is 100,000 heat units. 

Cooling Curve of an X-Ray Tube 

The discussion of ratings thus far has not taken into con- 
sideration the fact that the energy going into the anode of 
the tube eventually is dissipated by the radiator as heat. If 
Qt is the total energy applied during a given exposure, the 
distribution of energy a short time later may be expressed as 

Qt = Qa+Qd ( 8 - 10 ) 

where Qa is the total heat energy in the anode, as indicated 
by the rise in its temperature, and Qu is the total heat energy 
dissipated by the cooling system of the tube. 

Single exposures in Fig. 8 • 30 lasting more than 30 seconds 
with the 4.2-square-millimetcr focal spot are allowed to 
exceed the heat capacity of the tube. Heat units in excess 
of the 100,000-heat-unit capacity of the tube represent in 
these longer exposures the value of energy dissipated by the 
cooling system during the exposure. For example, accord- 
ing to Fig. 8-36, 150,000 heat units is a permissible loading 
for a 200-second exposure. During a 200-second exposure, 
50,000 heat units is dissipated by the cooling system, and 
at the end of the exposure 100,000 heat units remains in the 


anode. If the tube is not further loaded, the remaining heat 
is dissipated at a rate dependent upon the cooling system. 

A cooling chart, which indicates the rate of cooling as a 
function of the heat units in the tube, is shown in Fig. 8*37. 
It is evident that the rate of cooling should be greater at 
high values of heat units, since the anode temperature, 
according to equation 8-15, depends upon the heat-unit 
content of the anode, and since heat dissipation by the 
radiator is proportional to the temperature differential be- 
tween the radiator and the ambient environment. 

A cooling chart effectively increases the rating of the x-ray 
tube by providing a means for taking into account the heat 
units dissipated during a series of exposures. Suppose, for 
example, a scries of exposures of 50,000 heat units each is 
proposed. What intervals between exposures must be 
maintained? Two 50,000-heat-unit exposures can be made 
immediately with the cold tube allowing only a 5-second 
interval to permit the focal-spot region to cool. The anode 
thus is brought to its maximum lieat capacity. Figure 8*37 
indicat(*s that the tube must cool for approximately 2.3 min- 
utes to allow the heat content of the anode to decrease to 
50,000 heat units. Further successive 50,000-heat-unit 
exposures can be made without exceeding the heat capacity 
of the tube, if they are separated by 2.3-ininute intervals. 
If a cooling interval of 13 minutes instead of 2.3 minutes is 
allowed after the tube has reached its 100,000-heat-unit 
capacity, two 50,000-hcat-unit exposures can again be made 
with a 5-second interval between them. However, the heat 
input with such a combination of exposures would be approx- 
imately 100,000 heat units in 13 minutes, compared with 
a rate of 250,000 heat units during approximately a 12- 
minute interval for the succession of exposures first con- 
sidered. '^rhe higher rate of heat input for the loading with 
the 2.3-minute (pooling interval is a consecpience of the higher 
rate of cooling at increased radiator temperatures. 

Heating curves showing the heat-unit content of the anode 
as a function of exposure time are shown in Fig. 8*37 for 
various rates of heat input. For a given kilovolt-mil liampere 
input and relatively long exposure times, the heat-unit con- 
tent of the anode is somewhat lower than the heat-unit 
value of the exposure, because some heat is dissipated by 
the cooling system of the tube during the exposure. 

Continuous Rating of an X-Ray Tube 

The continuous rating is the maximum tube loading which 
can be dissipated continuously without heating any part of 
the tube above its criti(!al temperature. This loading is 
represented in Fig. 8-37 by the heat-input curve (425 kilo- 
volt-milliamperes) which brings the heat content of the 
anode to eciuilibrium at the full heat capacity of the tube. 
It is also represented in terms of heat units dissipated per 
unit time by the slope of the cooling curve at the full heat 
capacity of the tube. 

Once equilibrium is established during continuous opera- 
tion, all the energy passing through a given cross-sectional 
area in the thermal path between the focal spot and the 
thermal environment is equal to the thermal load trans- 
mitted through any other cross-sectional area in the thermal 
path. Since thermal loads are transmitted as the result of 
temperature gradients, the equalization of thermal load is 



Industrial X-Ray Tubes 


160 

accomplished by a gradual building up of temperature 
gradients through the thermal system of the anode until the 
energy outgo is just equal to the energy income. For exam- 
ple, the temperature of the oil-cooling or heat-transfer surface 
of a forced-oil-cooled tube rises upon application of the con- 
tinuous rated load until it can just transmit to the circu- 
lating oil the load impressed upon the anode. The average 
temperature of the circulating oil rises until it is high enough 
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head, and the external environment become high enough to 
dissipate the continuous loading. 

The loading which the tubehead can dissipate is controlled 
by the design of the tubehead, and by whether a blower, a 
fan, or other heat exchange means is used. It depends also 
upon the maximum permissible temperature at which the 
tubehead can operate. The maximum permissible tempera- 
ture depends principally upon the temperature-resistant 



Fig. 8-37 Heating and cooling chart for oil-immersed x-ray tube of Fig. 8 '33. 


to transmit the energy being applied to the anode to an 
external heat exchanger, usually a water-cooled surface of 
some kind. At the same time the thermal gradients in the 
anode proper rise until they are high enough to compel the 
continuous passage of the load impressed upon the tube. At 
equilibrium the temperature of all portions of the tube should 
be below their critical values. 

Ratings of X-Ray Tubes in Tubeheads 

All the energy that goes into the anode eventually must 
be dissipated to the ambient environment. If the tube is 
oil-immersed, the load eventually must be dissipated to the 
oil and finally, through the walls of the tubehead, to the 
atmosphere. As the continuous rated load is appHed to a 
tube, the temperature of the oil in the tubehead gradually 
rises until the thermal gradients between the oil, the tube- 


properties of the oil and of the insulation of the tubehead. 
The temperature-resistant property of the oil may be in- 
creased by a vacuum-treating process which frees it of dis- 
solved gases and water vapor. Heat-expansion bellows are 
usually provided to allow for expansion of oil at high tem- 
peratures within the hermetically sealed tubehead. 

The heat capacity of a tubehead may be defined as the 
number of heat units which will bring the tubehead to its 
maximum permissible temperature at the highest rate of 
loading permitted by the tube rating. Such a heat capacity 
should correspond closely to the heat capacity determined 
by heat-capacity equations, such as equation 8*15, the heat 
capacity of the tube, the head, and the oil being taken into 
consideration. 

Cooling curves for tubeheads are similar to the cooling 
curve shown in Fig. 8*37, and they indicate the rate of loss 
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of heat units as a function of time. The rate of heat*unit 
loss is maximum at the heat capacity of the tubehead, be- 
cause of the greater dissipation of load at high temperatures, 
and it should correspond to the continuous rating of the 
tubehead. 
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CATHODE-RAY TUBES 

P, E. Volz and P. £• Grandmont 


A DEVICE using a beam of electrons (cathode rays) 
as a writing element is generally classified as a 
cathode-ray tube. The usual abbreviation, CR 
tube, is used throughout this chapter. There are two types 
of CR tubes, the sealed-off tube and the demountable tube, 
which have completely different applications. Components 
of a CR tube and its auxiliary equipment may be divided 
into three functional classifications: 

1. Devices that produce, control, and focus a beam of 
electrons. These devices are generally called the electron gun. 
It is necessarily inside the evacuated envelope of the tube. 

2. Devices that cause deflection of the electron beam. 
Either electrostatic or magnetostatic fields may be used, 
and the deflecting fields may be produced by devices inside 
or outside the evacuated envelope of the tube. Usually the 
beam can be deflected in two directions at right angles to 
each other. 

3. The device (called a screen) that indicates the pasition 
and intensity of the beam. Some of the beam energy can l>e 
translated into visible light due to incandescence, fluores- 
cence, or phosphorescence. The beam can produce a latent 
image on photographic film. In any case the beam mast 
strike the screen material, so the screen is inside the evacu- 
ated envelope of the tube, 

9-1 ELECTRON SOURCE 

Thermionic emission, field emission, or emission caused 
by positive-ion bombardment may be used as the source of 
electrons. For thermionic emission either a directly heated 
cathode (filament) or an indirectly heated cathode (usually 
oxide-coated) may be used. To produce a focused beam of 
essentially circular cross section, an axially symmetric 
cathode surface is desirable. For this reason gun structures 
using thermionic emission have indirectly heated cathodes, 
the oxide-coated emitter being a surface of revolution. As 
the accelerating voltage used in the gun structures becomes 
very high there are two objections to the use of oxide-coated 
cathodes. First, a high field at the cathode may cause the 
oxide coating to flake off and, second, any residual gas in 
the tube becomes ionized and the resultant bombardment of 
the oxide coating by positive gas ions has a ^^poisoning” 
effect on the emitter as well as a mechanically destructive 
effect. For these reasons high-voltage CR-tube guns (say 
above 40 kilovolts of accelerating voltage) use other types 


of cathodes. As far as cathode life is concerned it would be 
possible to use pure-tungsten filaments; but, as previously 
mentioned, their use would introduce certain focusing diffi- 
culties. Cold cathodes therefore arc widely u.sed for the,se 
applications. Both field emission and positive ion bombard- 
ment play a part in the total electron emission from these 
cathodes. Emission is caused primarily by positive-ion 
bombardment. The cathode consists of a metal plug, usu- 
ally aluminum, which has a low work function. The emitting 
surface of the cathode (surface facing the anode) is a surfa(‘e 
of revolution. Gas pressure (usually about 10 microns) is 
used to control the discharge and hence the beam current. 
Since this type of cathode is used only in demountable CR 
tubes, which require their own vacuum system, internal gas 
pressure is easily controlled by means of an adjustable leak 
valve. 


9-2 ELECTRON MOTION 

A moving electron crossing the boundary between two 
spaces of different homogeneous potential in a path other 
than normal to the boundary leaves the boundary in a new 
direction. An electron moving in a magnetic field, but not 
parallel to it, also changes its direction. This change of 
direction is similar to the refraction of a light ray crossing 
the boundary between two media of different refractive 
index. Light is refracted at a finite number of refracting 
surfaces, but the refraction of electrons is a continuous 
process; that is, the refractive index changes continuously 
along the path of the electron. 


9-3 ELECTRON PATH IN ELECTROSTATIC FIELD 


Figure 9 - 1 represents the path of an electron in an electro- 
static field. The z-axis is the boundary between two spaces 
of constant potential. Above the axis the potential is Fi, 
and below it is F 2 . The path of the electron is shown as 
the lines vi and V 2 representing the electron velocity in the 
two constant potentials. In this case V 2 is assumed to be 
more positive than Vi so that the electron is accelerated and 
V 2 is greater than vi . The velocity component along the x-axis 
is tangent to the boundary and is the same in each space: 

Vix=^V2x (9-1) 

Vi sin ai » V 2 sin a 2 (9*2) 
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Simple Electrostatic Lena 


sin a\ V 2 

sin a2 Vi 

(9-3) 

The electron velocity is given by 

V = , V - kVv 

, ^ m 

so that 

(9-4) 

sinai V>i 

- 7 — ^ = Vir 

sin a 2 ^ Vi 

(9-5) 


For any electrostatic field the electron trajectory could be 
found, to a fair degree of accuracy, by using a finite number 


is apparent that to form an image of point 0 at a finite dis- 
tance along the axis, some of the equipotential planes must 
be curved surfaces, just as some of the light-refracting sur- 
faces of a glass lens must be curved surfaces. 

9-4 ELECTRON PATH IN MAGNETIC FIELD 

An electron in motion passing into a homogeneous mag- 
netic field has forces acting upon it, as described in Chapter 3. 
In Fig. 9-3 electron paths in such a field are shown. An end 
view of the field shows the electron paths to be circles, but 
because of the initial component of velocity in the x-direction 
(parallel to the field) the actual paths are helices. As shown 



SIDE VIEW 



X X X 



END VIEW 

Fig. 9 • 3 lOlectron path in magnetostatic field. 


of equipotential lines and a repeated application of equation 
9-5 at each boundary. 

Figure 9*2 illustrates an electrostatic field in which the 
equipotential areas are parallel planes. Two electron trajec- 
tories are shown as 1 and 2 leaving point 0. Let it be assumed 
that the potential becomes more positive from left to right. 


Vl Vg V3 V4 V5 



Fio. 0*2 Focusing field with cquipotentials of parallel planes. 


Electron trajectory 1 is a straight line normal to all equipo- 
tential planes. At each boundary trajectory 2 is bent 
toward the normal. For any number of equipotential planes 
a repeated application of equation 9-6 will show that trajec- 
tory 2 can only approach the normal, so that at any finite 
distance from 0 along the x-axis no image of 0 is formed. It 


in Chapter 3, the time for one revolution in the yz plane is 
independent of the velocity component in this plane, and is 
equal to 


207rm 



(9-6) 


If the electrons entering this field all had the same linear 
velocity, 

Vx = vcose (9-7) 


The length I (the distance from the entrance to the field to 
the point at which it again crosses the same zy co-ordinates) 
depends only upon the x component of electron velocity: 


207rm 

I ^ Vxt Vx — — 

He 


(9-8) 
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I — vcos 6 

He 


(9-9) 


The focal length of such a lens therefore is infinite and, as 
in the electrostatic lens, some of the field lines must be curved 
in order to have a lens of finite focal length. 


9*5 SIMPLE ELECTROSTATIC LENS 

The electrostatic lens with axial symmetry has equipoten- 
tial planes which are surfaces of revolution. Because of this 
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symmetry, the electron paths in a plane passing through the 
axis will explain the action. 

Figure 9*4 is a plot of the equipotential surfaces and the 
electric field lines which are at all points perpendicular to the 
equipotential surfaces. The paths of three electrons are 
traced from object point a. Path 1 is on the axis and is a 



straight line. Paths 2 and 3 are bent through different 
angles and meet the axis at point 6, forming the image of 
point a. 

9-6 SIMPLE MAGNETIC LENS 

The magnetic lens is more easily discussed if it is reduced 
to a two-dimensional problem. Let it be assumed that a 
plane passes through the axis of an axially sjnmmetric mag- 
netic field, and that this plane rotates with the angular 
velocity of the electron under consideration. The electron 
path on this plane can be described in a manner similar to 
the electrostatic lens. In this plane the electron Is refracted 
at boundaries of magnetic vector potential. The magnetic 
vector potential A is given by 

H = curl A (9 • 10) 

For an axially symmetric field the magnetic potential Is con- 
stant around a circle at right angles to the axis and with the 
axis as center. In the rotating plane lines of constant A 
may be drawn. The electron paths are showm in Fig. 9-5 
for a magnetic lens. The paths of three electrons leaving 
the object point a are shown. Path 1 is a straight line, since 



A is zero on the axis. Paths 2 and 3 are bent through dif- 
ferent angles, and they meet the axis at point b and form the 
image of point a. 

9*7 IMMERSION LENS 

Figure 9*6 shows the cross section of an immersion lens. 
The cathode, control grid, and aperture are axially 
symmetric. 

Since electrons are emitted from the cathode wit£ differ- 
ent initial velocities they cross the lens axis at different dis- 
tances from the cathode surface. Trajectories of several 
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electrons are shown in Fig. 9*6. Although the electrons are 
not focused at one point on the lens axis they do pass through 
an area of minimum crass section. This area of minimum 
beam cross section is called the crossover region of the im- 
mersion lens. It is smaller in diameter than either the emit- 
ting cathode or the image of the cathode formed by this lens. 


CONTROL GRID 




For this reason it is usually the virtual image of the crossovei 
region that is focused on the screen by another lens system, 
so that the spot size on the screen may be a minimum. In 
Fig. 9*7 the equipotential lines for an immersion lens are 
shown for two values of voltage between grid and cathode. 
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Fio. 9*7 Control of beam current by immersion lena. 

Both the usable emitting area and the field at the cathode 
vary with this voltage; therefore the position and diameter 
of the crossover region vary with the grid voltage. Hence, 
if only the grid is modulated to vary beam current, some 
defocusing of the spot on the screen must result. 

9*8 BIPOTENTIAL LENS 

Figure 9*8 gives the equipotential plot for a bipotential 
lens formed of two cylinders. The focal length of this lens 
depends upon the geometry or ratio of cylinder diameters, 
and upon the ratio of voltages applied to the two cylinders. 


Electron Gun 


165 


Chapter 9 


To reduce distortion in the image produced by this lens, to reach equilibrium in which the rate at which positive ions 
apertures are sometimes inserted in the cylinders. These are lost from the beam is equal to the ionization rate. Be- 
apertures limit the beam angle admitted to the lens. Be- cause of this time lag, gas-focused tubes are not suitable if 
cause the maximum displacement of electrons from the lens rapid beam deflection is essential. Because of these diffi- 
culties, modern CR tubes are all of the high-vacuum type. 


9-11 ELECTRON GUN 

The device which forms and controls an electron beam is 
Fig. 9*8 Bipotential cylindrical eloctrostatic lens. called an electron gun. TLwo types of electron guns are 

shown: the hot-cathode electrostatically focused type in 
axis is reduced, some of the aberrations of the lens are Fig. 9- 11, and the cold-cathode magnetically focused type 
reduced. 

2 go ANODE 

GRID III ANODE 

9-9 MAGNETIC LENS 

Figure 9 ‘9 shows two types of magnetic lenses. The first 
is a short air-core coil. To concentrate the field, coils are 
sometimes clad in soft iron, a small gap being left along the 
inside circumference of the iron casing. The magnetic lens 
rotates the image. Although this has no effect in focusing a 
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Fig. 9 11 Electron gun (used in sealed-off tube). 
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Fio. 9-9 Magnetic lenses. 


circular object, it may be objectionable in other uses. A 
double coil may be used a.s .shown in Fig. 9 -9, where the 
fields are oppo.sed and the rotation of the image by the first 
section is counterbalanced by an equal and opposite rotation 
of the second section of this iron-clad magnetic lens. 

9- 10 GAS FOCUSING 

Electrons moving with sufficient velocity through a gas 
produce ionization. Slow-moving positive ions produce a 
focusing effect on the electrons, causing them to concentrate 
about the positive-ion core. Figure 9-10 shows two types of 

THREAD RAYS 


NODAL RAYS 

Fig. 9 • 10 Electron paths in gas focusing. 


in Fig. 9 12. The electron gun shown in Fig. 9*11 uses an 
oxide-coated indirectly heated cathode as the electron source. 
The indirectly heated cathode is used because an axially 
symmetric emitting surface is desired. The filament is insu- 
lated from the cathode cup by means of a ceramic coating 
on the filament wire. It is desirable to use alternating cur- 
rent for heating the filament and, since varying magnetic 
fields in the region of the cathode would modulate the beam, 
the filament Ls constmeted with little loop area. This is 
accomplished by first folding the coated filament wire into a 
hairpin and then coiling the hairpin. The cathode is usually 
a nickel cup, coated on the outside with the emissive mixture. 
The grid and cathode form an immersion lens, and the grid- 
cathode voltage is used to control the beam current. The 
first and second anodes form a bipotential lens which focuses 
the virtual image of the crossover region on the screen. The 
aberrations of the bipotential lens limit the size of the aper- 
ture which can be used. To restrict the angle of the beam 
admitted to this lens several apertures are added as shown. 
To obviate defocusing by modulation of grid voltage, either 
of two methods may be used. In one method the image of a 
small aperture may be focused on the screen. In the other 
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Fig. 9-12 Electron gun (used in demountable tube). 


concentration. With nodal rays the lens effect produces suc- 
cessive images of the cathode. The thread rays resemble a 
narrow beam of light. The presence and type of focusing 
effect depend upon electron-beam density and velocity and 
the type and pressure of the gas. A finite time is required 


method a part of the modulating voltage is introduced be- 
tween first and second anode and the focal length of the 
bipotential lens is changed to keep the crossover region in 
focus on the screen as the grid is modulated. This type of 
electron gun is used in many sealed-off CR tubes. 
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The electron gun shown in Fig. 9-12 uses a cold cathode 
because of the high accelerating voltage used. The c^athode 
is an axially symmetric aluminum plug. Emission is caused 
by field emission and positive-ion bombardment. Focusing 
is done by means of magnetic fields, and the anode has a 
restricting aperture. As previously stated, gas pressure is 
varied to control beam current. This type of gun is used in 
demountable CR tul)es requiring their own vacuum system, 
and gas pressure is adjusted by means of a leak valve. In- 
stead of a grid, a ray-blocking section, w’hich allow’s the 
beam to strike a target in the gun or to emerge from the gun, 
is used. In action this section is similar to a beam switch. 

Such a large number of gun structures are in use that 
operating information on any particular type should be 
obtained from the CR tube manufacturer. 


9- 12 BEAM DEFLECTION 

The beam must be deflected from its normal pa^ition if it 
is to be u.sed as a writing element. Either electrastatic or 
magnetostatic fields may be used to deflect the beam. 


OEFLCCTION 



Electrostatic deflection is showm in Fig. 9-13. If it is 
assumed that there are no stray fields and no edge effects, 
deflection d is given by 


d 


IVl 

D 

2Eh 


(9- 11) 


w^here V is the potential difference betw'een the plates and E 
is the voltage through w^hich the electron has fallen before 
entering the deflection system. Greater sensitivity may be 
obtained wdth curved plates, because they can be placed 
closer to the limiting beam positions, and hence produce a 
higher deflecting field for the same applied voltage. 



Magnetic deflection is shown in Fig. 9*14. The magnetic 
field is constant and perpendicular to the plane of the paper 
over region 1. The deflection d is given by 


PHI 

J2E- 

^ m 


^ ( 9 - 12 ) 


wrhere E is the potential difference through which the elec- 
tron has fallen before entering the deflection system and H 
is the magnetic-field intensity. 

9*13 DEFOCUSING OF DEFLECTING SYSTEMS 

For magnetic deflection the field never is exactly uniform, 
and fringing w'ill always occur at the edges of the field. 
Since the beam has a finite cross section, the effects of the 
deflecting field depend upon the position of the particular 
electron under consideration in the beam. With specially 
designed deflecting-field coils, defocusing can be made 
negligible. 

Electrastatic deflection also may cause defocusing. For 
unbalanced deflection, with one deflection plate tied to the 
second anode and the potential of the other plate varied 
above and below this potential, the defocusing effect is large, 
and therefore the method is not generally satisfactory. For 
balanced deflection the potential midway between the de- 
flecting plates is kept always at the beam potential. To 
produce deflection the potential of one plate is raised above 
beam potential, and the potential of the other plate is low’- 
ered by an equal amount below^ the beam potential. The 
resultant defocusing is the difference betw^een the edge effects 
at the entrance and exit regions of the deflecding-plate 
system, which counteract each other so that the total de- 
focusing effect of the balanced electrostatic; system is small. 
This is based on the assumption that the deflecting plates 
are mechanically symmetrical. It is possible to design 
mechanically a.symmetric deflecting systems w^hich produce 
w'ith unbalanced electrostatic voltages deflections similar to 
that produced by balanced electrostatic voltages in a mechan- 
ically symmetric system. 

9-14 SCREENS 

Translation of beam energy into a visible effect may be 
accomplished in several ways. A photosensitive surface such 
as a photographic film may be placed in the CR tube as a 
screen and be exposed to a trace of the beam. Removal of 
the film and subsequent development yield a permanent 
record of the intensity and position of the beam during the 
expasure. To allow insertion and removal of the film, the 
CR tube must be demountable. Such tubes are used for 
recording rapid non-recurrent electrical phenomena. Fig- 
ure 9*15 is a photograph of such a tube writh its associated 
equipment, showring the ports for insertion of the film drum 
or plates. For most uses an immediate visible effect on the 
screen is desired. This effect is produced by making the screen 
of a material that produces visible light when excited by the 
electron beam. The screen material may produce visible 
light by incandescence or luminescence. Emission of light 
from a material at low temperature is called luminescence. 
Luminescence of a material during excitation is called fluo- 
rescence; after removal of excitation it is called phosphores- 
cence. Solid materials exhibiting fluorescence and phospho- 
rescence are called phosphors. Some impurity, called an 
activator, is essential to the performance of some phosphors. 
Of the large number of phosphors known, zinc sulphide and 
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zinc orthosilicate are widely used. Zinc orthosilicate is 
known as willemite. The decay of light after removal of the 
excitation is an important property of phosphors, for it 
determines what sort of modulation the light output of the 
phosphor can follow. Screen characteristics such as spectral 
characteristics of the emitted light and decay time (called 



Fkj. 9* 15 Wcstinghouse CR high-voltage oseillograph. 


persistence) may be varied by the composition of the phos- 
phor. The glass surface on which the screen phosphor is 
placed is usually curved. An illuminated spot on the screen 
then directly illuminates the rest of the screen, causing back- 
ground illumination. Some of the emitted light is reflected 
between the two glass surfaces, and halation is produced. 
Both effects limit the contrast which can be obtained. Fig- 
ure 9*16 shows a CR tube with a 5-inch screen and all- 
electrostatic deflection. To improve the light contrast, tubes 
have been built with screens that can be viewed from the 
sides on which they are excited. The screen may then be 
made flat and suspended in the tube. Light output is up to 
100 percent greater if the screen is viewed on the excitation 
side. However, because the gun must be mounted at an 


angle other than 90 degrees to the screen to allow direct 
viewing, complicated beam-deflection circuits result. 

For the production of large-screen pictures in television a 
small picture of high intensity might be formed in the CR tube 
and then projected gn a large screen. If the required screen 
intensity is not too high, phosphors may be used for the 
screen material. As beam-current density is increased the 
light output is not increased proportionally; this increase 
indicates saturation. Furthermore, the high-energy beam 
has a destructive effect, and screen life is shortened. 

If incandescence of the screen is used as the method of 
generating light, much higher beam intensities can be used. 



Fig. 9 10 CR tube with electrostatic deflection. (Courtesy of Radio 
Corporation of America.) 

A thin metal-foil screen or a screen composed of lampblack 
has been proposed for this use. Various problems, such as 
the extremely thin foil needed for definition and the high 
beam powere needed, may prove such methods to be im- 
practical. 

9-16 TRANSIT TIME 

The deflecting force has been assumed to be constant as 
the electron traverses the length of the deflecting system. 
As the frequency applied to the deflecting system is increased 
the transit-time effect becomes noticeable, and deflection 
sensitivity decreases. It depends upon electron velocity and 
hence accelerating voltage, and upon the length of the de- 
flecting system. The transit time effect must be considered 
only at higher frequencies, say from 10 to 20 megacycles 
upward. 
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9-16 RATINGS 

High-vacuum CR tubes with translucent-phosphor screens 
are made in sizes ranging from 1 inch to over 20 inches in 
diameter and using from several hundred volts to over 10 kilo- 
volts accelerating voltage. They may be constructed for 
all-electrostatic deflection, all-magnetic deflection, or a com- 
bination of both. Furthermore, the beam may be focused 
electrostatically or magnetically. Further variations include 
spectral characteristics and persistence of the screen. Manu- 
facturers’ ratings should be consulted to obtain such data as 
maximum safe accelerating voltage, various gun voltages to 
obtain focus, deflection sensitivitj*^, and modulation char- 
acteristic. 

917 APPLICATIONS; OSCILLOSCOPES AND 
OSCILLOGRAPHS 

Since the electron beam can be readily deflected electrically 
and since it leaves a trace that persists a short time, it is 
well adapted to visual reproduction of the variations of elec- 
tri(;al quantities; and since it is easy to convert other fonns 


The output voltage required of an amplifier is usually 
about that rec^uired for full-scale beam deflection. However, 
the input voltage applied may vary from a small fraction of 
a volt to several hundred volts; therefore suitable gain con- 
trols and attenuators must be provided, and they must have 
suitable amplitude and phase versus frequency response. 
This is usually obtained by the use of resistance-capacitance 
attenuators, in which the upper resistor of the divider is 



Fiq. 9 • 18 Cathode-coupled input and gain-control stage. 



Fio. 9-17 Attenuator compensated for stray capacitance. 


of energy to variations of an electrical current or field, the 
possible applications are numerous. 

In such applications, electrostatic deflection of the beam 
is most common. The voltages required for 1 inch of deflec- 
tion range from 50 to 700 volts, depending upon the accel- 
*erating voltage and other instrument constants. The volt- 
:ages to be recorded range from millivolts to millions of volts. 
Hence, on the one side considerable amplification is often 
necessary, whereas on the other side high-ratio voltage 
dividers must be employed. 

Since this amplification must be obtained without distor- 
tion of the input signal, the gain of the amplifiers must be 
constant, and the phase shift must be zero or proportional to 
frequency, over a suitable bandwidth. The bandwidth 
depends upon the frequency spectrum of the signal observed. 
Most commercial oscilloscope amplifiers have constant gain 
and linear phase shift from about 30 cycles per second to 
60 or even several hundred kilocycles per second. For study 
of rapid signals of irregular wave shapes, a good response up 
to 5 megacycles or higher may be necessary. 

For study of signals with d-c components, direo%K;oupled 
amplifiers are necessary, and they are provided in some com- 
mercial instruments. 


shunted by a capacitor of such value as to (jompensate for the 
stray capacitance to ground from the switch arm by making 
the RC products equal. Such an attenuator is shown in Fig. 
9 17. 

For continuous gain control, a cathode-follower input 
stage can be used, with a comparatively low-resistance 
potentiometer for a load. Thus a high input impedance is 
presented, yet the resistance to ground from the gain-control 
contact is kept small, and thus the effect of stray capacitance 
to ground at higher frequencies is minimized. Such an input 
stage is shown in Fig. 9-18. 

The CR tube is used mainly to study the variation of one 
quantity as a function of another. Both of these may be 
related signal voltages, but often it is desired to study the 
time variation of one signal only. For this purpose a sweep 
circuit is usually provided to deflect the beam from left to 



right, and the signal to be studied provides a vertical deflec- 
tion. The time base should be adjustable in frequency, 
linear, and capable of being synchronized to the signal under 
study so as to give a stationary trace. A suitable time base 
may be obtained by means of a relaxation gas-tube oscillator 
of the type shown in Fig. 9*19. In this figure, capacitor Ci 
is chaiiged from a d-c source through resistor R imtil its 
voltage exceeds the breakdown voltage of thyratron FI. It 
then discharges rapidly through the thyratron. By adjust- 
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ing the circuit so that only the initial part of the complete 
exponential charging curve is used, a linear forward sweep 
and rapid retrace can be obtained, as shown in Fig. 9-20. 
To lock in the sweep and signal under study, a small portion 
of the signal can be applied to the thyratron grid. 

The gas-tube time base is useful at a sweep rate up to 
about 30 kilocycles. At higher frequencies the deionization 
time of the tuV)e makes it useless. For higher sweep rates, 
some form of vacuum-tube sawtooth generator, such as that 
of Fig. 9 '21 is necessary. Sweep is provided by the linear 



Fia. 9 • 20 Voltage output of gas-tube time-base generator. 
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scopes it is eliminated by applying a ^^blanking^^ impulse to 
the CR-tube grid during the retrace. This impulse cuts the 
beam intensity to zero during the retrace. 

For some applications a circular or spiral sweep may be 
useful. A circular sweep can be obtained by means of the 
phase-splitting circuit of Fig. 9-23. A sine wave is applied 
to a resistance-capacitance phase shifter, and the displaced 
voltages are applied to the CR-tube plates. If linear saw- 
tooth modulation is applied to the input sine wave, a spiral 
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rise of voltage on C 2 as it charges at constant current through 
the pentode K1 from a d-c source. A rapid discharge takes 
place when the impulse shown drives the grid of triodc F2 
positive. Frequency is determined by the frequency of the 
impulse on the triode grid. This impulse must be derived 
from a suitable vacuum-tube impulse generator, and the 
sweep can be locked in by using some of the signal voltage 
to synchronize this oscillator. 

The circuits described provide a continuously recurrent 
sawtooth, or linear, time base. If a very short impulse recur- 
ring at relatively long but regular intervals is to be studied, 
a sweep with a long rest period is desirable. For such pur- 
poses the vacuum-tube generator shown in Fig. 9*22 can be 
used. A d-c supply charges the capacitor C 2 through triode 
FI, also supplying current through pentode F2. Under 
this rest condition, the capacitor voltage is constant. The 


VI 



Fia. 9*21 Vacuum-tube time-base generator. 


sweep is produced by applying a negative rectangular im- 
pulse to the triode grid. This impulse blocks the grid and 
allows the capacitor to discharge at constant current through 
pentode F2. The linear fall of potential at the anode of the 
pentode then gives the sweep. The rectangular tripping 
impulse can be applied at regular intervals or at will, one at 
a time, in which case a distinct single-sweep time base is 
obtained. 

With all these methods the faint retrace as the beam re- 
turns from right to left is objectionable. In modern oscillo- 


swoop is produced. The linear increase must start at exactly 
the same point of the circular sweep at each cycle. The 
signal (;an be studied by using it to modulate the sweep 
voltage through a linear modulator. A radial deflection is 
produced. 

The CR tube is also used in plotting curves directly in 
(/artesian co-ordinates. For example, by use of a small 
alternator at the crankshaft and a pressure pick-up con- 
nected to the cylinder head, the pressure-volume diagram 
for a high-speed internal-combustion engine can be shown 
on the CR tube. It is necessary only to apply the alternator 
voltage, properly phased, to the horizontal plates, and the 
pressure pick-up voltage to the vertical plates. 

The tube can even be used to plot families of curves by 
using grid control of the beam intensity. For example, 
unsynchronized sinusoids can be applied to the grid and 



Fig. 9 -23 Circuit for circular sweep on CR tube. 

anode of a vacuum tube, and thus cause its anode current to 
vary over the grid voltage-anode voltage plane. Then, if a 
voltage proportional to the anode current is used to excite a 
circuit producing short impulses for certain discrete values 
of its input voltage, these impulses can be used to brighten 
the CR-tube beam for definite values of the anode current. 
The beam would be cut off for all other values. Then, if 
the anode voltage of the tube is applied to the horizontal 
plates of the CR tube, and its grid voltage to the vertical 
plates, the dots produced on the screen show curves of con- 
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slant anode current on the grid voltage-anode voltage plane. 
Such use of the CR tube is sometimes referred to as “strobo- 
scopic’’ beam modulation. 

A variation of this technique is described in detail in a 
paper by Douma and Zjlstra.^ Watson-Watt ® seems to 
have been the first to use the “stroboscopic” control of 
cathode-ray beam intensity. 

This last application is only one example of the use of 
beam-intensity modulation, or 2-axis modulation. It can be 
ustxl also to produce timing dots on a time plot of a signal. 
Thus, the exact duration of any phenomenon under study 
can be ascertained. Time intervals of 0.1 miscosecond or 
less can be measured in this way. 

The CR tube can be used to study the simultaneous 
time variation of two quantities by using an “electronic 
switch,” which is an electronic circuit connecting the oscillo- 
scope input alternately to the two signals, switching 
from one to the other at a rapid rate. Because of the per- 
sistence of the CR-tube trace, both quantities are then 
plotted simultaneously. 

CR tubes C4in be constructed with more than one beam 
for study of several simultaneous variables. One way of 
achieving this is to split a single beam vertically by a thin 
plate, the two beams being then deflected by a common set 
of horizontal plates, but by two separate sets of vertical 
plates.* 

The trace on the screen of a sealed-off CR tube can be 
made to give a permanent record by photographing it di- 
rectly. For such work a blue screen produces gocxl results. 
In this way, records can be made of electrical transients and 
signals far beyond the range of the older string ascillograph. 
For most visual work, a green screen gives best results, be- 
cause of the greater sensitivity of the eye to that color. 

Although most commercial oscillascopes use electrostatic 
deflection systems, it is possible to use magnetic deflection. 
In that case, the inductance of the deflection coils must be 
considered. To produce a sa^\i;ooth wave of current through 
the horizontal deflection coils, for example, a rectangular 
voltage must be used across them, and the resistance in the 
circuit must be low enough so that the current rises linearly 
over the sweep time. If coil resistance is appreciable, the 
applied voltage must rise slightly to maintain a linear current 
rise through the coils. 

In general, magnetic deflection is not favored because of 
the varying impedance of the coils for different frequencies, 
and because of the phase shift produced by their inductance. 
They also require appreciable current and power from the 
deflection source. In large high-voltage tubes they have 
some advantages, for the voltages for electrostatic deflection 
then become quite large. Hence, magnetic deflection is 
common in large television CR tubes. 


To power the amplifiers and sweep generators described, 
as well as to supply the high accelerating anode voltages 
needed on the CR tube, d-c supplies must be incorporated 
in an oscilloscope. These should be well filtered and regu- 
lated to insure stable amplifier gain and sweep frequency 
and to maintain constant deflection sensitivity and good 
focusing. 

Since the cathode beam requires little current, radio- 
frequency supplies have been used for this purpose, the high 
potentials being obtained by resonance. Such supplies are 
small, they are easy to filter, and they remove most of the 
hazards associated with 60-cycle rectifiers at high voltage. 
They are especially adapted to use in home television 
receivers. 

Television 

The CR tube is important in television systems, where it 
provides the means of reproducing the transmitted image. 
The transmitted signal and the receiver circuits cause the 
CR beam to scan the screen from left to right. The beam 
starts at the upper left and, after reaching the bottom, re- 
turns to the upp)er left to scan l^etween the lines previously 
traced. This “interlacing” reduces flicker on the screen. 
The transmitted image is reproduced by intensity modula- 
tion of the CR beam. During the retrace, when the beam 
travels from right to left, its intensity is cut to zero by a 
blanking signal on the grid. For television service, white 
screens are preferred to the green willemite screens generally 
used in oscilloscopes. Special CR tubes have been developed 
with red, blue, and green screens for an experimental “all- 
electronic” color television system. 
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ULTRAVIOLET RADIATORS 

II. C. Rcntschlcr 


V ISIBLE radiation includes only about one octave of 
the complete electromagnetic spectrum (Fig. 7-3) 
and ranges in wavelength from 40(X) to 8000 ang- 
strom units. The angstrom unit is the customary unit of 
wavelength for this part of the spectrum, and is equal to 
10“* centimeter. 

For convenience the visible spectrum is often broken up 
into sections identified by color or by wave bands: red to 
cover the range from about 8000 to 6500 ang.strom units; 
violet from about 4500 to 4000; with orange, yellow, green, 
and blue intervening. The band of radiation extending 
from 4000 to about 2000 angstrom units is commonly desig- 
nated as the ultraviolet region. To be more precise, the 
ultraviolet region extends to approximately 130 angstrom 
units. Air absorbs radiation below 2000 angstrom units so 
greatly that the region below 1700 angstrom units must be 
investigated in a vacuum or a gas such as hydrogen, which 
does not absorb the radiation. The region below 1700 ang- 
strom units is known as the Schumann region of the ultra- 
violet. 

Because these short waves are absorbed by air the prac- 
tical uses of ultraviolet arc limiteil to waves longer than 
1700 angstrom units; therefore, the sources of radiation con- 
sidered in this chapter are confined to the ultraviolet band 
from 4000 to 1700 angstrom units. 

As with visible light, it is often convenient to subdivide 
ultraviolet into arbitrary regions: the “near” ultraviolet 
extending from 4000 to about 3200 angstrom units; the 
“middle” ultraviolet from 3200 to 2800; the “short” ultra- 


tween metal electrodes or between carbon electrodes impreg- 
nated Avith metallic salts that produce spectral lines rich in 
ultraviolet have been u.sed with some succe.ss. Such light 
sources arc variable in output, and for most commercial 
applications they have been superseded by electrical dis- 
charge's through mercury vapor in evacuated ultraviolet 
transmitting tubes containing inert gas or gas mixtures 



violet from 2800 to 2000; and a band covering radiations 
shorter than 2000 angstrom units. Radiations in the near 
ultraviolet produce fluorescence in certain mineirals and 
organic compounds, and are used for many other applica- 
tions. Middle ultraviolet causes sunburns and tanning, is 
effective for prevention and cure of rickets, and produces 
vitamin D. Short ultraviolet is bactericidal and also pro- 
duces fluorescence in the minerals and compounds used in 
fluorescent lamps. Radiation shorter than 2000 angstrom 
units is largely absorbed by the oxygen in air; then the 
oxygen is converted into ozone. 


Fia. 10-1 Spectrograms of low-pressure mercury-vapor discharges in 

quartz tubes. 

together with mercury. Such discharges through mercury 
vapor produce strong lines of radiation in the different ultra- 
violet regions (Fig. 10-1). The discharge also produces 
strong radiations between 1800 and 2000 angstrom units. 
These radiations arc absorbed by air and by the emulsion of 
a standard photographic plate, and consequently are not 
shown in the spectrograms. 

The spectrograms .show that a large portion of the radiated 
energy is in the wave band around 2537 angstrom units. At 


10*1 PRODUCTION OF ULTRAVIOLET RADIATION 


a higher temperature the mercury-vapor pressure becomes 
appreciable and the 2537-angstrom radiation is absorbed. 


The intensity of radiation in the middle and short ultra- The degree of absorption depends upon the density of the 
violet bands from incandescent filament lamps is too low to mercury vapor, and the intensities of the other lines increase 
be of any practical use. Open arcs or spark discharges be- relative to the 2537-angstrom radiation. Table 10*1 shows 
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the relative intensities of the different mereuiy lines: the 
intensity of the 3650-angstrom line is taken as 100; for dis- 
charges at pressures of a few microns of mercury, 200, 400, 
and 800 millimeters of mercury pressure respectively. 

The relative intensities for 200, 400, and 800 millimeters 
are the values given by Lux and Pirani.^ The values for 
pressure in microns are from measurements made on low- 
pressure discharges through a mixture of an inert gas with 
mercury vapor in a quartz tube. 

Table 10 1 Effect of Vapor Pressure on the Relative 
Intensities of Mercury Lines 


W a volen h Proaaure (mi Hi meters) 


(angstroms) 

Microns 

200 

400 

800 

2,537 

6,000 

38.0 

29.0 

15.7 

2,050 

180 

21.3 

22.4 

24.4 

2,804 

6 

10.2 

11.3 

12.7 

2,967 

31 

15.2 

14.8 

16.2 

3,022 

15 

29.6 

31.4 

33.0 

3,341 

7 

7.4 

8.1 

8.7 

3,650 

100 

100.0 

100.0 

100.0 

4,050 

118 

45.0 

36.0 

32.0 

4,358 

336 

68.2 

55.3 

49.5 

5,461 

197 

80.9 

68.2 

64.2 

5,770-90 

42 

71.3 

75.0 

79.1 

10,150 


32.8 

33.4 

37.1 


10-2 LOW-PRESSURE ULTRAVIOLET LAMPS 

Table 10-1 shows that the ultraviolet generated by a low- 
pressure discharge through mercury vapor is almost entirely 
confined to the resonance wave band around 2537 angstrom 
units. Gates* found that the bactericidal action of ultra- 
violet is limited to radiations shorter than 3000 angstrom 
units and is maximum at approximately 2660 angstrom units. 
Fluorescent powders such as zinc beryllium silicate, mag- 
nesium tungstate and cadmium borate are excited most 
efficiently by the resonance radiation of mercury. A low- 
pressure discharge through mercury vapor therefore pro- 
vides a suitable means for generating bactericidal and fungi- 
cidal radiation or for exciting fluorescent powders used as 
coatings in fluorescent lamps. 

Low-pressure bactericidal ultraviolet lamps are of either 
the cold-electrode or the hot-cathode type. In the cold- 
electrode type two hollow metal cups or cylindrical elec- 
trodes fastened to leads are sealed into the opposite ends of 
a long slender glass tube which transmits the ultraviolet. 
The lamp is exhausted and baked, and the electrodes are 
degassed. The tube is then filled Avith an inert gas or mix- 
ture of inert gases at a pres.sure of a few millimeters and a 
small amount of mercury; it is then sealed off. A small 
transformer supplies the discharge current through the lamp. 
The ultraviolet output and the efficiency of the lamp are 
controlled by several factors. 

The Ultraviolet Transmission of the Glass 

A spetdal glass is required because ordinary lime or lead 
glasses are opaque to radiation at 2537 angstrom units. The 
transmission of these special glasses deteriorated rapidly 
during the first 100 or 200 hours, so that the ultraviolet 
output of a lamp drops as much as 15 to 20 percent in this 


time. Fused quartz has a higher transmission than any 
glass at this wavelength, but quartz transmits radiations 
shorter than 2000 angstrom units, and an undesirable pro- 
duction of ozone results. Ultraviolet lamps in special 96 per- 
cent silica glass produce about 40 percent more 2537 angstrom 
radiation than regular ultraviolet-transmitting glasses, with 
negligible solarization and almost no generation of ozone. 

Length and Diameter of Lamp Tube 

In a discharge lamp the power consumed consists of two 
parts: power lost at the electrodes (mainly because of cathode 
fall of potential at the negative electrode), which produces 
no ultraviolet or visible light; and power consumed in the 
discharge through the gas and vapor, Avhich is determined 
by the current and the potential drop in the positive column. 
The cathode fall of potential for a cold electrode is relatively 
high, as a long slender tube is used to permit a low-current 
high-voltage discharge for efficient operation. 

Electrodes 

The power Avasted at the electrodes (mainly at the cathode) 
A’aries Avith the size of the electrodes and the electrode mate- 
rial. Too small an electroile surface produces abnormal 
cathode drop and causes electrode disintegration. The 
cathode fall is loAAer for some metals than for others. Cath- 
odes coated Avith alkaline-earth carbonates decomposed 
during exhaust have a low cathode fall but arc unstable. 
Bare iron or other common metal electrodes have been used 
in some cold-cathode tubes (in sign lighting, for example) 
AA’here efficiency is not too important. In bactei icidal lamps, 
however, the electrode is of prime importance, and recent 
developments indicate that metallic thorium may improve 
electrodes as much as Vycor has improAxd glass. Although 
the cathode fall is sorneAvhat higher than for alkalinc-earth- 
coated electrodes, metallic thorium or its equivalent is more 
stable, and a discharge between such electrodes is constant 
during the life of a lamp. 

Gas and Gas Pressure 

Ultraviolet radiation from a discharge through an inert 
gas or a mixture of gases Avith a small amount of mercury 
vapor is produced almost entirely by the mercury vapor. 
The inert gas helps to start and maintain the discharge. To 
prevent clean-up of the inert gas by the discharge, argon or 
a mixture of inert gases at a pressure of about 20 millimeters, 
together Avith a small amount of mercury, is commonly used 
in cold-electrode lamps. 

Lamp Temperature , 

At temperatures above 50 degrees centigrade the mercury- 
vapor density is sufficient to cause appreciable absorption of 
2537-angstrom radiation. Efficient bactericidal lamps should 
operate at a relatively Ioav temperature (only a few degrees 
above normal ambient temperature). 

In a hot-cathode lamp the discharge tube is relatively 
short and has a larger diameter than the tube of the cold- 
electrode lamp. Tungsten filaments coated Avith alkaline- 
earth carbonates are sealed in the opposite ends of the tube. 
The lamp is exhausted and baked, and the coatings are 
decomposed. The tube then is filled with argon, at a pres- 
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sure of about 4 millimeters, and a small amount of mercury, electrode® of 30, 20, 10, and 4 inches. Figure 10-3 shows 
The filaments are connected in series through a bimetallic similar hot-electrode ultraviolet lamps of 30-, 15-, and 
thermal relay which by its temperature lag allows the fila- 8-watt sizes. 



Kio. 10 -2 Cold-elect rodfi commercial ultraviolet lamps. 


menta to become preheated to electron-emitting temperature 
before it initiates the arc between the electrodes when the 
bimetallic relay breaks the connection between the filaments. 
A ballast in series with the lamp limits the current tlirough 
the discharge, if the lamp is designed to operabj on com- 
mercial line voltages. Bombardment of the filaments by 
the discharge keeps sections of the filament at emitting 
temperature during the operation. 

The cold-electrode lamp has the advantage of instan- 
taneous starting, it will operate at lower ambient tempera- 
ture, it has longer life, it is more rugged, and its life is not 
affected by the numl)cr of times the lamp is turned on and 
off. The hot-cathode lamp op(u*ates on a lower voltages but, 
because of disintegration of the active material on the elec- 
trodes, it is susceptible to damage by frecpient starting and 


10-3 HIGH-PRESSURE ULTRAVIOLET LAMPS 

Table 10*1 shows that a mercury discharge producing 
radiation efficiently in the near or middle ultraviolet band 
must operate at a high pressure, if the generated radiation is 
not to be confined to the mercury-resonance 2537-angstrom 
l)and. This type of discharge is readily obtained by using 
an inert gas with a limited amount of mercury to prevent 
the maximum pressure, with all the mercury vaporized, 
from rising above a fixed value. 

When the voltage from a reactance transformer is applied 
to the electrodes a glow discharge is initiated between elec- 
trodes. They become heated by this discharge, and when 
they become thermionically emissive an arc is formed and 
the temperature and pressure rise until all the mercury is 
vaporized. 
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Fig. 10-3 Hot-<^lectrodc commercial ultraviolet lamps. 


line-voltage fluctuations. Its life is dependent upon the life To protect these lamps against excessive and uneven cool- 
of the electrodes and not upon the life of the container. ing by air currents the lamp proper is generally scaled into 

Four cold-electrode commercial ultraviolet lamps are an outer container. Because of the high pressure of the 
shown in Fig. 10*2. They have discharge lengths between mercury vapor when the lamp is turned off, some time is 
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necessary for the mercury to condense before it will start 
again. 

Figure 10-1 shows a commercial high-intensity mercury- 
vapor lamp of the 4()0-watt size in glass for lighting. The 
lamp is enclosed in an outer tulx> to protect it from air cur- 


end of the bulb. This lamp operates directly on a lighting 
circuit. Figure 10-6 shows such a self-contained commercial 
sun lamp. 

Small high-pressure mercury lamps in quartz mounted in 
outer bulbs, which absorb visible light but transmit the near 



Fia. 10-4 400-\Vatt high- 
intcnsity mcrcury-vapor 
lamp. 



Fio. 10 5 100- Watt high- 

pres.sure quartz morcury-vapor 
lamp in outer bulb housing. 



Fig. 10-7 100- Watt commercial black light, (outer bulb is heat-rc‘sist- 

ing red-purple glass). 


rents. Such a lamp operates at a presstire of approximately 
1 atmosphere. 

Figure 10*5 shows a small l(K)-watt high-intensity 
mercury- vapor lamp in quartz sealed into an outer bulb of 
glass. In this lamp the arc operates at a pressure of approx- 
imately 10 atmospheres. 

These small quartz arcs in glass housings which transmit 
ultraviolet to approximately 2800 angstrom units are used as 



sun lamps. In a newer self-contained sun lamp the quartz- 
mercury tube, in series with a tungsten-filameiSi ballast 
resistor, is mounted in a reflecting bulb so that both the 
ultraviolet and the heat from the filament pass through the 


ultraviolet, are used for the so-called ‘‘black light'’ for pro- 
ducing fluorescent effects. Figure 10*7 shows a black-light 
lamp. 

10-4 MEASUREMENT OF ULTRAVIOLET RADIATION 

It is important to have a simple method of measuring the 
effective intensity and the amount of radiation used in a 
specific application. Since different wavelengths are not 
equally effective, a meter that evaluates the different wave- 
lengths of radiation in proportion to their effectiveness is 
desirable. 

The photoelectric threshold of a metal has a definite wave- 
length which is readily reproduced.* A specific use of ultra- 
violet radiation determines the longest wavelength that is 
effective. By proper choice of a phototube it is possible to 
measure only radiation shorter than the threshold wavelength 
of the phototube and, therefore, only that radiation which is 
effective for the application. Thus the phototube responds 
only to the ultraviolet which produces the reaction under 
investigation. As an example, the bactericidal action of 
ultraviolet is confined to radiation shorter than 3000 ang- 
strom units. The photoelectric threshold of tantalum is 
appronmately 3000 angstrom units. A tantalum photo- 
tube, therefore, measures only the bactericidal radiations, 
regardless of the source. The bactericidal action for radia- 
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lions below 3000 angstrom units increases with decreasing 
wavelength, reaches a peak at 2660 angstrom units, and again 
diminishes for shorter wavelengths. The photoelectric 
response of tantalum increases for radiations shorter than 
3000 angstrom units. By constructing the tantalum photo- 
tube in a glass of proper transmission the response of the 
phototube can be made to reach a peak close to 2660 ang- 
strom units and again decreases for radiation of shorter wave- 
length. The response of this tube is therefore similar to the 
bactericidal action of the ultraviolet, and it may be used to 
evaluate the bactericidal activity for any exposure. 

The sensitivity of the phototube is readily expressed in 
physical units by determining its response to a definite spec- 
tral line such as the 2537-angstrom radiation and by measur- 
ing the intensity of the same radiation with a thermopile. 
The effective intensity from a source of radiation as measured 
by such a phototube is thus expressed in the equivalent of 
2537-angstrom radiation. 

Other phototubes ^ are likewise suitable for measuring 
radiation in other bands of the ultraviolet region; for exam- 
ple, a zirconium phototube with a threshold at 3250 angstrom 
units for the crythemal region, or a platinum tube with a 
threshold of approximately 2000 angstrom units for ozone- 
produ(iing radiation. 

Since photoelectric currents are relatively weak a simple 
method of measuring these currents was devised.^ A Vjat- 
tery B charges a capacitor Ci through a phototube VI at a 
rate depending upon the intensity of the radiation falling on 
FI and the response of the tube (Fig. 10*8). A special glow 
tube F2 with a thorium cathode and two anodes provides a. 
means for discharging capacitor Ci and automatically record- 
ing the number of times it is charged during an exposure. 
When capacitor Ci is charged to the breakdown voltage 



between a and 6, the starting anode and the cathode, a glow 
discharges Ci, thereby starting the main current. The 
larger capacitor C 2 charged through a high resistance R thus 
discharges through the relay, which operates the counter. 

The number of discharges from a given exposure repre- 
sents in arbitrary units the photoelectric current through the 
phototube FI and therefore the integrated effective radia- 
tion to which the tube was exposed. The rate of charging 
and discharging capacitor Ci represents the average intensity 
of the radiation. 


The meter as described is calibrated so that each discharge 
is expressed in microwatt-seconds per square centimeter of 
energy of a given wavelength. For a tantalum tube the 
calibration expresses the bactericidal equivalent in micro- 
watt-seconds per square centimeter of 2537-angstrom 
radiation. 

Leakage in humid weather may cause serious errors unless 
special precautions are taken. This trouble is eliminated ® by 
housing the capacitor and the glow tube in the neck of the 
cell and exhausting this compartment (Fig. 10*9). This 



meter with a tube suitable for the specific use affords an 
easy and reliable means for measuring effective radiation in 
the ultraviolet bands to which the phototube responds. 
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CIRCUIT ELEMENTS 

D. C. Little 


T he three basic circuit elements are resistance, capaci- 
tance, and inductance. These elements never exist 
separately. Every electrical circuit always contains 
all three circuit elements. 

Each circuit element has unique properties. Capacitance 
has the ability to store energy in the form of an electrostatic 
field in its dielectric material. An inductance stores energy 
in the form of a magnetic field surrounding it. Resistance 
cannot store energy but it always converts the electrical 
energy into some other form of energy, usually heat, light, 
or other electromagnetic radiations. 

11-1 LINEAR RESISTANCE 

The resistance of a current path may be considered as 
inv'ersely proportional to the number of free electrons in 
that path. Xletals such as .silver or copper apparently have 
large quantities of free electrons; consequently, when an 
electromotive force is applied the flow of elei^trons is large 
and the resistance is said to be low. Insulators such as .silk 
or porcelain have few free electrons and hence have a higher 
resistance. A perfect vacuum with no free electrons has an 
infinite resistance. 

An electric current may be thought of as a migration or 
flow of free electrons through and between the atoms and 
molecules of the conductor. In practical terms a current of 
1 ampere at a point in a circuit means that G-28 times 10^* 
electrons flow past that point each .second. At all tempera- 
tures except absolute zero the atoms of the conductor arc 
agitated thermally, and they retard or resist the flow of free 
electrons. This resistance generally varies directly with 
absolute temperature. Thus at normal temperatures metal- 
lic conductors have specific resistances depending upon the 
material, but at absolute zero the resistance of all conductors 
approaches zero. Metallic conductors have constant resist- 
ance at constant temperature, or the voltage drop is directly 
proportional to the current. Such resistances are known a.s 
linear resistances because the value of the resistance is not 
affected by the current through it or the voltage across it, so 
long as temperature remains constant. 

The unit of resistance Is the ohm. The international ohm 
is that resistance offered to an unvarying electric current 
by a column of mercury at the temperature of melting ice, 
14.4521 grams in mass, of a constant cross-sectional area, 
and of a length of 106.300 centimeters. A current of 1 ampere 


flo\dng through a resistance of I ohm causes a potential dif- 
ference across the resistance of 1 volt. 

11-2 NON-LINEAR RESISTANCE 

Currents in other media, semi-metallii! materials, high 
vacua, and ionized ga.ses do not follow the linear law. In 



Fig. 11-1 Characteristics of typical Varistor. 


high vacua the current varies as the three halves power of 
the voltage. In ionized gases the voltage drop is determined 
by the ionization potential of the gas, which depends upon 
the pressure and temperature and concentration of the gas, 
and this voltage drop is relatively independent of the current. 
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Other kinds of conductors are known generally as ^^Varis- 
tors.” * In most of these the resistance decreases as the volt- 
age increases for both directions of current. Varistors are 
often so made that their symmetrical characteristics (similar 
performance for either direction of current) are inherent in 
their construction. Other forms of Varistors are made from 
components (such as copper oxide rectifiers) in which the 
characteristics are not symmetrical. In this type, symmetry 
of performance is obtained by connecting two components 
in parallel and with opposite polarities connected together. 
The non-linear characteristics of Varistors are used in many 
applications, including voltage-surge protection, noise and 
overload limiting in telephone and other communication 
apparatus, voltage stabilization in the output of power sup- 
plies, frequency multiplication, and others. Figure 11 -1 
shows a characteristic curve for a typical Varistor. 

Still other conductors arc knowm as rectifiers (copper oxide, 
selenium, copper sulphide) because their resistances vary 
greatly with the direction of current but they are not linear 
resistances in either direction. 

'^rhese metal or dry rectifiers arc all based on the same 
fundamental principle. A thin barrier layer is used; on one 
side of the layer is a material containing a relatively large 
quantity of free electrons, and on the other side the material 
has relatively few' free electrons. These devices therefore 
act as electronic valves and can be used as rectifiers to con- 
vert alternating current into direct current. 

Figure 11-2 shows a characteristic curve for a typical dry 
rectifier. 



Fig. 11*2 Characteristics of typical copper oxide rectifier. 


Figure 11*3 shows several commonly used types of 
resistors. 

The resistance of a circuit thus follow^s various law^s de- 
pending upon the medium through w'hich the electrons flow', 
but electrical energy delivered to the resistance element 
always is converted into some other form of energy, usually 
heat, sometimes heat and light, and sometimes electro- 

* Trademark of Bell Telephone Laboratories. 


magnetic waves at frequencies lower than those of heat and 
light. 

The effective resistance of several resistances in series is 
equal to the numerical sum of the individual resistances: 

R = ri + r2 + rs -\ (11 * 1 ) 



Fig. 11*3 Wire-wound and composition resistors. 


The reciprocal of the effective resistance of several resistances 
connected in parallel is equal to the sum of the reciprocals 
of the individual resistances: 


1111 

= -j 1 ^ 

R /*! ra r3 


( 11 - 2 ) 


11.3 OTHER RESISTANCE FORMS 

Thus far resistance has been considered only for a con- 
tinuous or steady-state direct current. With an alternating 
current the resistance acts differently, and it varies with the 
frequency of the current. Alternating current introduces 
‘^skin effect” and electromagnetic radiation, both of which 
increa.se the effei^tive resistance of a condu(;tor. Alterrialing 
current .sets up an alternating magnetic field in and around 
the conductor. This field cuts the conductor and causes 
eddy currents which oppose the main current at the center 
of the conductor and add to it near the surface of the con- 
ductor. This effect increases with the frequency and the size 
of the conductor. 

Figure 11-4 show's the increase in resistance for alternating 
currents as (compared with the resistance to continuous 
direct currents (^xprc.ssed as a function of X where 


I Stt/p 

/ = frequency in cycles per second 
fjL = permeability of the conductor material 
R = resistance per unit length of conductor — ohms per 
centimeter 

The above relationship applies to round straight conductors 
in free space. If the conductor is adjacent to other conduc- 
tors or wound in coil form, the a-c resistance will in general 
be increased. 

Figure 11-5 shows the ratio of a-c resistance to d-c resist- 
ance of round, straight, isolated copper wire at various fre- 
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quenoies. Several curves are drawn for various standard- 
gauge (H & S) wire sizes. 

p]lectromagnetic radiation is difficult to explain in simple 
terms. Briefly, an alternating current in a conductor pro- 



Fig. 11-4 Skin effect of round, straight, Lsolatcd conductors. 


duces alternately magnetic and electric fields in the sur- 
rounding space. Because the velocity of propagation of 
these fields is finite, they do not have time to collapse or 
disappear as the current and voltage in the conductor passes 
through zero. Thus a certain amount of energy or field is 
left in space after each half cycle, and this energy is propa- 


Chapter 11 

gated further in space because the fields produced by suc- 
ceeding cycles repel it. The higher the frequency of the cur- 
rent, the more energy is left in space and the greater the 
radiation. This loss of energy from the conductor makes its 
effective resistance higher; this increase is known as radiation 
resistance. 


11-4 INDUCTANCE 

The unit of inductance is the henry. If a potential of 
1 volt is impressed across a circuit element and the current 
changes at a uniform rate of 1 ampere per second, then the 
inductance of the circuit clement is 1 henry. Thus voltage 
across an inductance is proportional to the inductance multi- 
plied by the rate of change of current. Inductance, because 
of its energy-storing characteristics, produces a voltage in 
such a direction as to keep the current constant. If the 
current increases, the inductance produces a voltage that 
opposes the current ; if current decreases, the induced voltage 
tries to sustain the current. In mathematical form the ex- 
pression for voltage across an inductance is 

di 

El = ( 11 - 4 ) 

at 

Energy stored in an inductance at any instant is 
joules or watt-seconds 

if current is in amperes and inductance is in henrys. In an 
a-c circuit the effect of an induc.tance appeal’s as a reactance 
opposing the current. In mathematical form, the reactance 
Xl = 2ir/L ohms for a sine wave of frequency /, and 
El = 2ir/L-/ for a sine wave of frequency /. 

With sine-wave alternating current, the current through 
an inductance lags the voltage across the inductance by 
90 degrees. 
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The forms in which inductors are made vary with the Large values of inductance are used mostly in d-c circuits 
amount of inductance desired and the voltage and current and low-frequency a-c circuits. They contain many turns 
the inductors must withstand. Because a pure inductance of copper wire wound on a laminated iron core. The core, 



Fia. 11*6 Large iron-core reactor. 

(one having no resistance) would always return to the circuit 
all the energy stored in its field, it would have no losses; 
hence, as far as temperature rise is concerned it could be 
made extremely small in size for any amount of inductance. 
Practically, of course, resistance is always present in the 


\vith a magnetic permeability many times that of air, in- 
creases the inductance of the coil. An air gap usually is 
placed in the core to prevent saturation of the iron. Figures 
11*6 and 11*7 show some iron-core inductances. In the 
design of inductances for alternating current alone or alter- 
nating current superimposed on direct current, account must 
be taken of the eddy-current and hysteresis losses in the 
iron core as well as the PR loss in the copper, as all these 
losses appear as heat which must be dissipated. 

Small inductances for radio-frequency alternating currents 
generally are single-layer or honeycomb-wound coils with 
finely laminated or powdered-iron cores or air cores. Fig- 
ures 11*8 and 11 -9 show typical radio-receiver and radio- 
transmitter inductances respectively. The inductance of a 
single-layer air-core coil is approximately 


9r + 101 


(11*5) 



Fiq. 11*7 Typical small iron-core reactors. 


Fig. 11-9 Typical radio-transmitter reactor. 


conductor, and the watts lost as heat in the resistance must where L =* inductance in microhenrys 
be dissipated in some manner. The over-all size of the unit r = radius of the coil in inches 

is thus often dictated by the necessity for safely dissipating I = length of coil in inches 

this heat energy. ^ = number of turns. 
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More accurately, L = F X iV‘ X d microhcnrys where F 
is a rather involved function of the ratio d/L Values of F 
usually are given in table or curve form in most electrical 
handbooks. 

For very high frequencies small inductances are needed, 
and these usually ai*c single-turn coils, hairpin-shaped con- 
ductors, or even straight conductors. Such an inductance is 
shown in Fig. 11*10. 



Fig. 11*10 Typical very high-frequency reactor. 


The ideal inductance would have no effective resistance 
and no loss and would, therefore, be 100 percent efficient. 
Efficiency of an inductance is measured in terms of the ratio 
of the inductive reactance to the resistance at a given fre- 
quency. This ratio is known as Q. Q is equal to 2irfL/R, 
The higher Q, the more efficient is the inductance design as 
far as heat loss is concerned. 

11.6 CAPACITANCE 

The unit of capacitance is the farad. A capacitor has a 
capacitance of 1 farad if 1 coulomb of stored energy causes 
a potential difference of 1 volt to exist across its terminals 
or electrodes. 

Capacitance can be defined by the expression C = Q/E 
farads, where Q is the electric charge in coulombs. Since 
1 coulomb equals 1 ampere-second, i = C{de/dt) amperes, 
and in a capacitor the energy storage W = Ce^/2 joules or 
watt-seconds, if C is in farads and e is in volts. 

Capacitance, because of its energy-storing characteristic, 
adds or subtracts a current in the circuit in such a direction 
as to try to maintain the voltage constant. 

In an a-c circuit, the effect of a capacitance appears as a 
reactance, opposing the current. In mathematical form, its 
reactance Xe = l/2TfC for a sine wave of frequency /, and 
Ec = I/2irfC for a sine wave of frequency /. With a sine 
wave alternating current, the current through a capacitance 
leads the voltage by 90 degrees. 

A pure capacitance (one with no resistance) would return 
to the circuit all the energy stored in its electric field; hence. 


it would have no losses and would bo 100 percent efficient. 
A capacitance in practical form has conductors to carry the 
current in and out of the plates surrounding the dielectric, 
and these conductors have resistance. Furthermore, the 
dielectric, unless it is a gas or a vacuum, has dielectric hys- 
teresis. The amount of these losses determines how large 
the unit must be to dissipate these losses as heat. 

Capacitors take various practical forms and utilize various 
kinds of dielectric — a vacuum, compressed gas, air, paper 
impregnated with oil or wax, mica, ceramics, and other kinds 
of insulating materials. Figures 11*11 and 11*13 show some 
of these types. 

Dielectric materials have various values of specific induc- 
tive capacity c, or dielectric constant. Air, vacuum, and 
compressed gases have a nominal t of 1.0. Other materials 
have c values higher than 1, usually between 2 and 10, but 
in some kinds of ceramics t may be 10,000 or higher. 

Another important property of dielectric; materials is power 
factor. A perfect dielectric would have no leakage and no 
dielectric loss. The phase angle between current and voltage 
would be 90 degrees, and the power factor would be zero. 
Practical capacitors have power factors that vary between 
almost zero and 0.1 or greater. For high-fre(|uency circuit 
capacitors, a figure known as loss factor is employed. This 
is the dielectric constant multiplied by the power factor. If 
an alternating voltage is impressed on a capacitor, the tem- 
perature rise of the dielectric varies as f X E X loss factor. 
Table 11*1 show's €, power factor, and loss factor for some 
common dielectric materials. 

Oiled-paper capacitors arc employed as filters to by-pass 
the a-c component in a d-c circuit; for example, the output 
of a rectifier. Here the requirements are high d-c resistance 
with less emphasis on low a-c loss bc(*ause the a-c or ripple 
voltage is a small fraction of the direct voltage. Several 



Fig. 1111 Typical fixed capacitor units. 


types of filter capacitors have almost constant capacitance, 
independent of temperature. The most constant type em- 
ploys mineral oil as an impregnant. The capacitance is 
almost independent of ambient temperature, but the € is low. 
Hence, the size and cost for a given capacitance and voltage 
rating are large. A second type uses castor oil in place of 
mineral oil. At a temperature of about --20 degrees centi- 
grade, the capacitance starts to decrease until at —40 degrees 
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centigrade the capacitance is only three quarters of its normal 
value. Castor-oil capacitors are smaller than mineral-oil 
capacitors of the same rating. 


Table 11*1 Properties op Some Common Dielectrics 




Percent 

Loss 



P-Fat 

Factor 

Material 

c 

1 Me 

at 1 Me 

Cellulose acetate 

fi-8 

3-6 

18-48 

Fiber 

4-5 

6.0 

20-25 

Glass, Crown 

6.2 



Glass, Flint 

7.0 

0.4 

2.8 

Glass, Pyrex 

4.5 

0.2 

0.9 

Methacrylic resin 

2.8 

2.0 

5.6 

Mica, clear India 

7-7.3 

0.02 

0.14-0.146 

Insanol 

6-8 

0.3 

1.8-2. 4 

Phenol, black molded 

5.5 

3.5 

19.25 

Phenol, paper base 

5.5 

3.5 

19.2 

Phenol, cloth base 

5.6 

5.0 

28.0 

Porcelain, wet process 

6.5-7 

0.6 

3. 9-4. 2 

Porcelain, dry process 

6. 2-7. 5 

0.7 

4.34-5.25 

Quartz, fused 

4.2 

0.03 

0.126 

Rubber, braid 

2-3 

0.5-0. 9 

1.0-2. 7 

Styrene, polymerized 

2. 4-2. 9 

0.03 

0.72-0.87 


The most common type of oiled-paper capacitor employs 
a chlorinated diphenol synthetic oil as dielectric impregnant. 
The € of this oil is fairly large and it ruptures at a rather 
high voltage, so that such capacitors arc smaller and less 
costly per microfarad than mineral-oil or castor-oil units. 
Their capacitance, however, decreases about one (quarter 
between 10 and —10 degrees centigrade. Figure 11*12 
shows capacitance versus temperature curves for the three 
types of oiled-paper capacitors mentioned. 



TEMPERATURE : DEGREES CENTIGRADE 

Fia. 11*12 Temperature-capacitance characteristics of liquid-filled 
paper capacitors. 

If a large capacitance must be fitted into a small space, 
electrolytic capacitors are useful, provided some d-c leakage 
can be tolerated, as in power-supply units for home radio 
receivers. The active dielectric is a film of aluminum oxide 
which is formed by a current, from one sheet of aluminum 
foil to another, through the electrolyte between the plates. 
This film will stand only about 500 volts without puncture 


but, because of its thinness, an electrolytic capacitor as large 
as 1000 microfarads can be made to fit into a few cubic inches 
of space at a reasonable cost. 

Capacitors are used in radio-frequency circuits for by-pass 
or d-c blocking, or to offset inductance in tuned circuits. The 
most common type probably is the variable air capacitor in 
series with a fixed coil to make a variable-frequency tuned 



Fig. 11*13 Variable air capacitor. 


circuit. See Fig. 11*13. Maximum capacitances of such 
units range from 5 to 5000 micromicrofarads, and their volt- 
age ratings are from 200 to 20,000 volts. 

For transmitters and oscillators, the compressed-gas capac- 
itor is satisfactory. These are made with both fixed and 
variable capacitance and are similar to the variable air type 
except that the plates are enclosed in a pressure-tight case 
filled with an inert gas at 5 to 20 atmospheres pressure. 

Vacuum capacitors also are used in transmitters. To 
obtain the benefits of close electrode spacing and high voltage 
breakdown, the vacuum must be nearly perfect, so the 
plates arc sealed in a container, usually glass. Air, com- 
pressed-gas, and vacuum capacitors have almost no dielec- 
tric loss and therefore are very efficient. 

If large capacitance is required for moderately high fre- 
quency, a low-loss liquid impregnant can be used for liquid- 
filled capacitors of relatively small size. The use of this 
impregnant results in capacitors that are smaller than equiva- 
lent air or gas-insulated units. 

11-6 COMBINATIONS OF RESISTANCE AND 
INDUCTANCE 

In d-c circuits where only steady-state conditions arc im- 
portant, capacitance and inductance have no effect on the 
operation of the circuit, and they may be omitted from the 
calculations. However, if starting, stopping, or transient 
conditions are to be considcrecl even in a d-c circuit, all three 
circuit elements must be taken into account. 

If a circuit consists of resistance and inductance in series 
and a constant voltage is impressed across them, the current 
starts from zero when the circuit is closed and rises to a con- 
stant value along the exponential curve: 

R 


( 11 . 6 ) 
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Fio. 11 • 14 D-c transient in RL series circuit. 


If the source of voltage is removed without opening the 
circuits, the current falls to zero along a similar exponential 
curve: 


i 


E 

R 


€ 


-Rt L 


(11-7) 


Figure 11*14 shows current and voltage versus time. The 
instantaneous voltage across the resistor is tft, and across the 
inductance it is L(di/dt); the two voltages added together 
equal the driving potential E, Thus at / = 0, f = 0, the 
voltage across the resistance is zero and across the inductance 
it is E, After steady current has been established, the rate 
of change of current is zero, and E equals IR across the 
resistance. 

In an RL circuit the ratio L/R is known as the time con- 
stant. This is the time for the current to reach 0.632 of its 
final value. If L is in henrys and R is in ohms, the time 
constant is in seconds. 

The impedance of a series RL circuit to a sine-wave alter- 
nating current of frequency / is 

| Z | = + ( 2 ir //.)2 ohms ( 11 - 8 ) 

where R = total circuit resistance in ohms 
L = circuit inductance in henrys. 


11-7 COMBINATIONS OF RESISTANCE AND 
CAPACITANCE 


A circuit of resistance and capacitance in series connectcnl 
across a source of voltage E would cause a current to flow 
until the capacitor be(‘ame charged to the voltage E follow- 
ing the exponential curve: 


R 


( 11 * 8 ) 


At < — 0 all the voltage drop is across the resistor, at ^ » 

all the voltage drop is across the capacitor, and during the 
transient charging period the voltages across R and C add 
directly to equal voltage E. If E is removed without open- 
ing the circuit the capacitor discharges through the resistor 
following the curve: 


i = 


__ ^ ^-t/RC 

R 


and the sum of the voltages a(Toss R and C always equals 
zero (Fig. 11*15). 

The time constant of an RC circuit is T « RC (seconds, 
ohms, farads); it is the time at which the voltage across C 
has reached 0.632 of its final value. 
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The total equivalent resistance is 


The impedance of an RC series circuit to a sine-wave 
alternating voltage of frecjuency / is 






(2ir/C)=' 


ohms 


(IMO) 


R 


'total 


Ri + 


1 1 

R’d + Ra R& 
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11-8 COMBINATIONS OF INDUCTANCE, CAPACI- 
TANCE, AND RESISTANCE IN A-C CIRCUITS 

Any network containing all the circuit components L, C, 
and R can, at any fixed frequency, be resolved into an equiv- 



Fio. 11 • 16 Circuit diagram; goncralizod circuit of R, L, and C. 


alent circuit containing R and eitlier C or L. If the react- 
ances and resistances are expressed in complex form, the 
impedances can be combined in a manner dire(!tly analogous 
to the methods used for combining series and parallel resist- 
ances. As an example, consider the circuit as shown in 
Fig. 11 • 1(1 J'or a supply frequency /, 


27r/Ci 

Xi,i = 2irfL (0 + 7 ) 
Ri^Ri {i+jo) 
R 2 R 2 (1 4* ^ 0 ) 




1 

2ir/(72 


( 0 -i) 


( 11 - 11 ) 


A combination of L, C, and /i, in series, is commonly used 
in a-c circuits. Its distinguishing characteristic is that its 
impedance reaches a minimum at some frequency, usually 
called the ‘Resonant’' frequency. This circuit is thus 
^‘selective'' with respect to frequency. Another charac- 
teristic of this circuit is that at or near the resonant fre- 
quency point it can be used as a voltage amplifier when the 
source of applied voltage has a relatively low impedance. 



Kio. 11-18 Series circuit of /f, L, and C. 


For a circuit such as that shown in Fig. 11-18, impedance 
Zis 

at frequency /, and the magnitude 1 ^ ] is 



The circuit impedance Z has a minimum value equal to ft, 
if /o is su(;h that 

where /o (resonant frecjuency) in cycles per second 


Then the total impedance of this cin^uit at frequency / is 

Zq = Xci + ( 11 - 12 ) 

Ri «2 + A'ti Xcl 

This combination of impedances is similar to a combination 
-rf resistances connected as shown in Fig. 11-17. 



Fio. 11-17 Circuit diagram; generalized circuit of resistances. 


_ i 

2tVi^C 

L = inductance in henrys 
C = capacity in farads. 

As frequency is changed above or below /o, the circuit 
impedance increases. This rate of increase of impedance 
with change in frequency is a measure of the selectivity of 
the circuit. Selectivity increases as ft decreases. Figure 
11-19 shows the effect of changes in ft on the shape of the 
resonance curve of a circuit containing A, C, and ft in series, 
in which L is 25 microhenrys and C is 0.(X)1013 microfarad. 

Another important characteristic of such a circuit is its 
voltage-amplifying property at or near resonance. In Fig. 
11-18 Eq is the applied voltage. At resonance, Ec (across 
the capacitor) and Ei, (across the inductance) are 

V y 

El, = Ec = Eq--— = Eq-— (11-15) 

ft ft 

Since the ratio Xi,JR is defined as Q, then Ec and El equal 
ftoQ- Since Q can be made to be quite high, the voltages 
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acrass the capacitance and inductance can be several times 
as large as the applied voltage. Series-tuned circuits in elec- 
tronic devices are fretiuently designed with a high Q to 
obtain maximum selectivity and maximum voltage ampli- 
fication. 

Another common useful circuit is sho^\^l in Fig. 11*20. 
This kind of circuit is particularly useful when it is supplied 
from an a-c source with relatively high impedance. A 



Fig. 11*19 Series resonance. 


vacuum-tube amplifier is such a source. The impedance 
Zo of such a circuit at a supply frequency / is 


Zo = 


R+j2irf{L[l - (27r/)2LC] - CR^\ 


[1 - (27r/)^LCf + (2T/Cfl)2 


Its magnitude is 


I'Vfrr 


+ i2TfLr 


11 - (2ir/)2LC]2 + (2ir/Cfl)2 


(11-16) 


(1M7) 


At some one frequency /o the impedance of this circuit is a 
maximum, and for all other frequencies it is less. 


c 



Fig. 11-20 Parallel circuit of Rf L, and C. 


For the usual parallel resonant circuit, the resistance is 
low compared with inductive and capacitive reactances, and 
the resonant frequency is approximately 

At resonance the impedance of such a circuit appears to 
be a pure resistance, and the total current is in phase with 


the applied voltage. If R is small with respect to Al or 
Xc, the circuit impedance at resonance is 

l^ol=^ ohms (1119) 

Figure 11*21 shows the variation in total current with 
frequency for a parallel circuit like that in Fig. 11*20 in 



Fig. 11-21 Parallel resonance. 

which L is 25 microhenrys and C is 0.001013 microfarad. 
Curves are shown for several values of R, 

11-9 DISTRIBUTED CONSTANTS IN A-C CIRCUITS 

Inductance, capacitance, and resistance may only be con- 
sidered to be lumped constants as an approximation. It is 
sometimes necessary, owing to the circuit conditions or the 
operating condition, to take into consideration that these 
quantities actually are distributed over the circuit. An 
example of such a circuit is the transmission line. The 
characteristics of a circuit having distributed L, C, and R 
may be quite dilTcrcnt from those of a similar circuit having 
lumped constants. Any circuit element always contains 
some inductance, some capacitance, and some resistance, 
regardless of its nominal function. Thus, a resistance has 
some inductance and capacitance, an inductance has some 
capacitance and resistance, and a capacitance has some 
resistance and inductance. Under certain conditions, usu- 
ally at the higher frequencies, these secondary or residual 
components cannot be neglected, and they may actually 
predominate in determining the characteristics of the com- 
ponents. Frequently these constants are distributed; for 
example, the distributed capacity between turns and wind- 
ings of a reactor. An interesting example of distributed 
constants is the single-layer coil shown in Fig. 11*22. Such 
a coil is often used to feed direct current to a plate or grid 
circuit of a vacuum-tube oscillator or amplifier. It presents 
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high impedance to high-frequency voltages. On direct cur- 
rent and at low frequencies this coil acts as an inductance, 
but the capacitance between its turns combines with the 
inductance to change the resistance and impedance of the 
coil as the frequency is varied, as illustrated in Fig. 11*23. 
Ihis impedance curve was obtained experimentally by con- 
necting the coil across a source of known voltage at various 
frequencies and measuring current at the end of the coil. 
Radio-frequency milliammetcrs were connected in series at 
various points along the coil to measure current distribution 
along the coil. As frequency is increased from a to 6, the 
coil is inductive and the reactance and impedance increase 
directly with frequency. At b the current in the capacitance 
between turns begins to be appreciable and, because it is 
180 degrees out-of-phase with the inductive current, the 
total current decreases and thus makes the coil appear to 
have a higher impedance than that caused by the induct- 
ance. At c is what is known as ‘^quarter-wave resonance^* 
(distributed LC acts as a parallel-resonant circuit). At 
frequencies between c and d the current at the ends of the 
coil leads the voltage, the reactance is capac^itive, and the 
impedance decreases with increasing frequency. At d is 
so-called “half-wave resonance, and the impedance is low. 
For further increases in frequency the impeHlance generally 
appears as either resistive or capacitive, rising to about the 
“three-quarter wave” resonant point and then decreasing 
again. The impedance continues to vary in a similar man- 
ner, going through minimum and maximum points as shown 
in Fig. 11*23. Resistance of the conductor and the dielec- 
tric loss between turns generally increase with frequency, 
and thus the resonance is limited until at very high fre- 
quencies the fluctuations become small or negligible. The 


second coil in which the high impedance point c would come 
at frequency d, and thus fill in the valley. However, caution 



Fig. 11*22 Single-layer choke coil. 


must be used, because at some frequency one coil is inductive 
and the other is capacitive, and a series-resonant circuit of 
low impedance at both frequencies results. One way of 
avoiding this is to design the coil for which point c is at the 



Fig. 11*23 Effect of distributed constants in a single-layer choke coil. (From Electronic Transformers and Circuits by Reuben Tjee.) 


design of a radio-frequency choke for high impedance over highest frequency to be covered, then connect several of 
a wide range of frequencies is difficult. Two coils might be these coils in series so that impedance is sufficiently large at 
used, one similar to the coil just described in series with a the low-frequency end of the band. 
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The inductance of the leads of capacitors causes similar 
trouble, and in paper-foil capacitors the inductance of the 
many turns of the foil electrodes produces undesirable effects 
at high fre(iuencies. The capacitance and inductance in 
resistors likewise can be detrimental at the higher frequencies. 


1110 CIRCUIT ELEMENTS OF INDUCTANCE, CA- 
PACITANCE, AND RESISTANCE IN D-C CIR- 
CUITS 

Because electrical energy can be stored in both inductors 
and capacitors, the d-c transients resulting from changes of 
current in circuits in which both L and C are present are 



frequently oscillatory and complex. In analyzing such tran- 
sients the basic relation applying to instantaneous conditions 
must be used. For a reactor of inductance L, 


e = 



for a capacitor of capacitance C, 


for a resistor 



e == Ri 


( 11 - 20 ) 


( 11 - 21 ) 

( 11 - 22 ) 
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From these relations the equations for transients can be 
established. The expressions usually are differential equa- 
tions. Their solutions are complicated except in circuits of 
relatively simple form. Operational methods, either in the 
special form introduced by Heaviside or in the newer, more 
generalized forms, are useful in analyzing transients involv- 
ing L, C, and /i. 

As an example, consider the sudden application of a uni- 
directional voltage to a circuit containing inductance, resist- 
ance, and capacitance in series as shown in Fig. 11-24. 
The current is the same in all three circuit elements and the 
sum of the voltage drops across them must be equal to the 
applied voltage. Therefore, 

*■ 1 ’'“ 

^ Ri + L- + (11*23) 

at C 

The solution of this equation is 
E 

i = — - f-«' ^(t*' - «-“) (11-24) 

where 



The general equation takes three forms according as b is real, 
imaginary, or zero. 

If R^ > 4L/C, then b is real, and 

E 

i = — sinh bt (11-25) 


Thus is kno>\Ti as the damped or non-oscillatory condition, 
and it occurs where R is large. 

If R^ < ^{L/C), then b is imaginary, and 


1 = 

PL 


ai-26) 
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where 0 is the numerical value of the imaginary b. This is 
known as the oscillatory condition, and it occurs for small 
values of R. 


If R^ = 4L/C, then 6 = 0, and 


i 


Et 

T 


^-Ri/2L 


(11-27) 


This is frequently referred to as the critically damped con- 
dition. The curves in Fig. 11-25 show current for a series 
circuit of L, C, and R, in which a steady unidirectional volt- 
age is suddenly applied to the terminals. C is 1.0 microfarad 
and L is 1.0 microhenry. 

For curve 1, R equals 1000 ohms, corresponding to an 
oscillatory co ndition since R is less than V AL/C. In curve 
2, R equals \/^L/C, corresponding to the critically damped 
condition. In curve 3, R is larger than \^^L/C, and this 
corresponds to the damped condition. 

Another common arrangement of L, C, and R in d-c 
circuits is in the form shown in Fig. 11-26. The voltage 
across C and R 2 is of interest. After the switch S is closed, 
the voltage across R 2 ultimately becomes equal to the applied 
voltage less the IR drop through resistor Rx. The voltage 
may oscillate above and below the final steady-state value 
with a magnitude and at a rate that depends on the values 
of Ly C, R\ and R 2 - 

With a steady source of voltage represented by Ex and 
with Ri representing the combined generator and reactor 
resistances, the voltage across load resistor K 2 at t seconds 
after closing switch S is 


E 2 

where 


= E 1 R 2 [ h 2Af“"' cos (o)t + b) (11-28) 

Li2i + /22 -• 


and where 


K + Va'^ - \JS 
^ 

= /y “h R\R2C 


J = R 2 CL 
<S = /?! + /?2 

and 

Px^LC + PxCRi + 1 
' = -2JP^^ + KP, ■ 

This is applicable if 4^5 is greater than K. Such a condition 
is usual for most filter circuits, and it indicates a transient 
oscillation. The effect is similar when the load i.s removed 
by opening the switch S. 

Voltage across C rises to the no-load value after a transient 
oscillation. This voltage at I seconds after opening the 
switch S is 


Ac = As -f Ai r — — — + 2A«-“‘ cos (orf + «)] (11-29) 

Li2i “h R2 -* 

where 

K + Vk^ - 4JS „ 

Pt 

K = L + R 1 R 2 C 
J = R 2 CL 
5 = + /?2 


P. L 4- R. 



Fig. 11*26 Typical keying circuit. 


As an approximation applying to usual filter circuits the 
maximum voltage deviation from the final value is given in 
percent by the expression 

Percent maximum deviation = — (11-30) 

R 2 ^ C 

where R 2 is in ohms 
L is in henrys 
C is in microfarads. 

As an example, if L = 1.0 henry, C = 4.0 micro- 
farad, and R 2 = 2000 ohms, the percentage of devia- 
tion = ( 10^/2000) = 25 percent. Because the resist- 

ance has a damping effect, the actual deviation is somewhat 
less than this approximate formula indicates. In the exam- 
ple just given, the actual deviation is about 22 percent. 
Likewise, as switch S opens, the voltage across the capacitor 
rises temporarily to a value above normal applied voltage. 
Approximate voltage rise in percent of normal can be deter- 
mined by the expression used for the case of closing the 
switch. 

Such a circuit is used in the telegraphic keying of radio 
transmitters. The transients of the radiated wave are 
affected by the constants of the filter circuits in the manner 
described. 
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TUNED CIRCUITS AND FILTERS 

Reuben Lee 


I N general, tuned circuits and filters are used to obtain 
maximum current, voltage, or power from a system at 
desirable frequencies, or to reject them at undesirable 
frequencies. Incidental problems of regulation and transient 
response are important, but they arise because of circuit ele- 
ments the primary function of which is frequency discrimina- 
tion. Hence tuned circuits and filters are characterized by 
quantitative, and usually comparative, relations at different 
frequencies or in different parts of a circuit. 


12-1 SERIES RESONANT CIRCUIT 

One of the simplest tuned circuits is that shovra in Fig. 
12-1, in which resistance /?, inductance L, and capacitance 


R L C 



X 


£ 

Fio. 12 1 Scries RLC circuit. 


C are connected in series across an alternating voltage E, If 
this voltage E is sinusoidal, the current I in the circuit also 
is sinusoidal. At some frequency the reactances of L and 
of C become equal, and the current in the circuit reaches a 
maximum and is equal to E/R. This condition is known as 
the tuned or resonant condition. It is achieved in one of 
three ways: (1) by varying the frequency of the applied volt- 
age, (2) by varying L, or (3) by varying C. In Fig. 12 *2 
vector diagrams show the change in I for a fixed voltage E, 
inductance L, and resistance R, as capacitance C is increased 
beyond the point of maximum current. Voltages across the 

XXc ixl xxc Kl ixc ixl 

XXl-XXc' 

(0) (b) (c) 

Fio. 12-2 Vector relations during detuning. 



inductive reactance being X/, — Xc- A similar change 
occurs if the capacitani^e is decreased on the other side of its 
resonant value. As the capacitance is decreased below the 



Fia. 12-3 Change in current 
as capacitance is varied. 


Fio. 12 -4 Change in cur- 
rent phase angle as capac- 
itance is varied. 


resonant value, the voltage lags the current, and thus the 
circuit acts as a capacitance in series with R. Figure 12-3 
shows the change in current as capacitance is varied through 
this region. The influence of R in limiting the maximum 
current I is clearly shown. R may be an external resistance 
or only that of the coil, or both. Curves similar to those in 
Fig. 12-3 may be drawn if inductance or frequency are 
varied instead of capacitance (see Chapter 11).^ Figure 
12*4 shows how current I leads or lags E as the circuit is 
tuned through resonance. 

For a given frequency, the current at zero capacitance is 
zero also, because circuit reactance is infinite at that value. 
At the other extreme, when C is infinite, circuit reactance is 
R + joih. Thus the curves of Fig. 12*3 are not symmetrical 
at points widely separated from the resonant frequency, but 
are nearly symmetrical at resonance. Equations for im 
pedance are given in Chapter 11. 



Fio. 12*6 (a) Step function. (6) Oscillatory circuit, (c) Non-oscil- 

latory circuit. 


elements L and C become smaller as I decreases, that across 
C becoming smaller more rapidly. As this change is made, 
E begins to lead /. Therefore, the circuit acts as if it were 
an inductance in series with resistance ft, the value of the 


If, instead of a sinusoidal voltage, a step function such as 
that in Fig. 12-5 (a) is applied, the resulting voltage and cur- 
rent depend upon whether the circuit is oscillatory. If the 
circuit is highly oscillatory, the voltage across C rises to a 
188 
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value nearly double that of the applied voltage E, The 
voltage across L becomes alternately positive and negative 
as it oscillates about zero. 

Initial current is zero, and the current rises to a maximum 
at the instant voltage across L reaches zero. After that it 
oscillates about zero as an axis. Initially, all the voltage 
is across the inductor. Finally, it is all across the capacitor. 
These relations are illustrated for a moderately oscillatory 
circuit in Fig. 12*5 {b),^ 

If the circuit is non-oscillatory, the voltages and currents 
do not oscillate but become asymptotic to the value shown 
in Fig. 12*5 (c). The border line between the condition of 
oscillations and no oscillations is given by 

« = ( 12 - 1 ) 

Frequency of oscillation is not exactly equal to 1/2t\/lC 
but is 

1 n F” 

~ 2ir'^LC~4I/ 

There is always an interval of time from the initial applica- 
tion of the step function to that at which it reaches the 
value E. This interval can be regarded as a sort of phase 
shift, although a more accurate way of regarding it is in 
terms of time delay. 

A comparison between the sinusoidal and step function 
performance can be obtained from Table 12*1. 

Table 12 •! Performance of Resonant Circuits with Sinusoidal 



AND Step-Function Voltages Applied 

Quantity 

Sinusoidal Voltage K 

Step-Function Voltage E 

Current 

Maximum value E/H oc- 
curs at resonance. 

Initially zero; maximum 
value E/Bt where B i.s 
the angular frequency of 
oscillations; final valine 
zero. 

Voltage 

Approximately QE at res- 

Initially zero; may rise to 

across C 

onance where 

^ R wCR 

maximum of 2E in oscil- 
latory circuit; to E in 
non-oscillatory circuit; 
final value E. 

Voltage 
acro.ss L 

Approximately QE. 

Initially E; may go nega- 
tive to a maximum 
value of —E 'm o.scilla- 
tory circuit; final value 
zero. 

Phase angle 

Leading at / < resonance; 
lagging at / > reson- 
nance; zero at / = res- 
onance; approach(\s ab- 
rupt .step as 0 — ► 00 

Time delay approximates 
a quarter cycle of natu- 
ral frequency in oscil- 
latory circuits; long<‘r in 
non-oscillatory circuits. 

Frequency 

Resonance frequency 

1 

2tV'Zc 

Frequency of oscillations 

1 [l 

2ic\Lc 4L® 


12-2 PARALLEL RESONANT CIRCUIT 

A typical parallel resonant circuit is shown in Fig. 12-6. 
Capacitor losses usually are negligible, and coil resistance is 
appreciable; this resistance may include the load resistance. 
If a sinusoidal voltage of constant frequency and amplitude 


is applied to this circuit, and if either C or L is varied, cur- 
rent in the variable branch changes slowly, but does not 
change in the other branch. The sum of these two currents, 
shown as Iz in Fig. 12-6, approaches a minimum as reso- 
nance is reached, and this minimum is nearly zero if /2 is 
small.® In most electronic circuits, the impedance of the 
source is appreciable. For a constant voltage applied, for 
example, to the grid of a vacuum tube, the voltage on the 
resonant circuit is not constant but increases as the circuit 
is tuned. The voltage rises in somewhat the same way as 
the current does in Fig. 12-3. This is a result of the source 
impedance rather than a property of the parallel resonant 
circuit itself. This increase in voltage and the decrease in 




Fig. 12-6 Parallel resonan^ Fia. 12 -7 Current as parallel eir- 
circuit. cult is tuned thruugh resonance. 


current in Fig. 12-7 arc asymmetrical, especially for low-Q 
circuits, as would be expected from the lack of symmetry in 
the circuit elements. 

If the capacitance were reduced to zero, the circuit reacts 
ance would he R + jcaL. If the capacitance became infi- 
nitely large, the circuit impedance would be zero. As capaci- 
tance is increased, the current in Fig. 12*7 becomes asymp- 
totic to the line EcoC, The general equation for impedance 
is given in Chapter 11. 

In Fig. 12-8 is a vector diagram in full lines for the reso- 
nant condition of unity power factor. Total current Iz 
entering the circuit is in phase with applied voltage E. 
Capacitor current Ic leads E by 90 degrees, and coil current 
II lags E by some angle 0. This angle is determined by the 
relation between R and Xl, where is the coil reactance 
at the impressed frequency, or 27r/L. It can be shown that 


and 


Xc = 


Z = 


F + XfJ^ 

Xl 

R^ + Xl^ __ ^ 
~ ^ RC 


(12-3) 

(12.4) 


where Z = total circuit impedance. These are the mathe- 
matical relations between Z, Xc, X^, and R for unity-power- 
factor resonance. 

If C can be varied from the condition of unity po\ver fac- 
tor, and E is assumed to be constant, Ic varies accordingly, 
and II, is not affected. Figure 12.8 show^s that maximum 
impedance and unity power factor are obtained with the 
same setting of the capacitor, provided the circuit is tuned 
by varying C alone. 
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With inductance tuning the circuit relations may be dif- 
ferent for the unity-power-factor and maximum-impedance 
conditions. To determine circuit relations for maximum 



Fig. 12*8 Vector dia- 
gram for capacitive tun- 
ing. (Reprinted with 
permission from R. Lee, 
Proc, I.R.E. Vol. 21, 
Feb. 1933.) 


Fig. 12-9 Vector diagram for inductive 
tuning, R constant. (Reprinted with per- 
mission from R. IjOC, Proc, I.R.E.^ Vol. 21, 
Feb. 1933.) 


impedance when L is varied instead of C, it must first be 
known whether R stays constant as L is varied. Supposing 
R to remain constant, the locus of vector /l is a circle. In 
Fig. 12-9 the solid lines indicate the unity-power-factor 
condition. Let the circle be shifted vertically so that it 
passes through Iz and becomes the circle with center A. 
The circuit relations for maximum impedance and inductive 
reactance are 


and 


2XcR 

VXc^ + -iR^ - Xc 


(12 S) 


Xl^ R 


I 


2VXc^ -H 
VXc^ + - Xc 


(12-6) 


In practice R sometimes varies when L is varied. The 
unity-power-factor condition is shown again in Fig. 12-10 
in solid lines. Considering XlIR as a 
constant, the angle $ remains constant 
also. Impedance Z is maximum when 
the entering current is Iz and 



Xc^Xr 


(12-7) 


then 


Z ^ — + Xl^ (12-8) 

R 

Equations 12-7 and 12-8 are for maxi- 
mum impedance when Xl/R is a con- 
stant and L is varied. The relation 
between Xc and Xl is the same as the 
relation in a series resonant circuit. 

From vector diagrams similar to Figs. 
12-9 and 12-10, a series of values is 
plotted in Figs. 12-11 and 12 - 12. These 
curves show Il/Ic, Xt^ and Xc at differ- 
ent values of Z and a given value of R (25 ohms) for unity 
power factor and maximum impedance. Figure 12* 11 is for 


Fig. 12-10 Vector 
diagram for Xl/R 
a constant. (Re- 
printed with per- 
miasdon from R. Lee, 
Proc, LR,E,, VoL 
21, Feb. 1933.) 
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constant fl, and Fig. 12-12 for Xl/R constant. For any 
other value of /?, say iJ', abscissas and the reactance ordi- 
nates should be multiplied by R^ /2b to make the curves 

ic 



Fig. 12-11 Parallel resonance curves, R constant. (Reprinted with 
permission from R. Lee, Proc, I,R,E,^ Vol. 21, P'eb. 1933.) 

applicable. Il/Ic requires no scale alteration when these 
multiplications are made. 

As Z, Xl, and Xc increase with respect to Il/Ic 
becomes more nearly the same for the unity-power-factor 

k 

Ic 



Fig. 12-12 Parallel resonance curves, Xl/R constant. (Reprinted 
with permission from R. Lee, Proc, I,R,E,, Vol. 21, Feb. 19^.) 

and maximum-impedance conditions in both Figs. 12-11 and 
12-12. As these conditions approach each other, the vector 
diagrams become less and less accurate, so that the algebraic 
relations become necessary for accurate calculations. The 
higher Z is relative to Ry the higher 
is the ratio of volt-amperes in the 
circuit to the watts consumed in R, 

Therefore, at high-Q or volt-amperes- 
per-watt ratios, tuning for unity power 
factor becomes almost the same as for 
maximum impedance. 

In some circuits the resistance of the 
capacitive branch is appreciable, but 
such circuits are rare. An unusual 
condition develops when resistance is 
purposely added to this branch, provided certain relative 
values are maintained. If in Fig. 12*13 the two resistors 



Fig. 12-13 Parallel 
circuit with resistance 
in both branches. 
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(12-9) 

the impedance of the circuit is the same at all frequencies, 
and has unity power factor at all frequencies. A vector 



Fia. 12- 14 Entering current I z in V\g. 12* 13 ia independent of fre- 
quency when Ri, ^ Rc \/ L/C. B^dationa for l-wo frequencies. 

diagram illustrating these properties at two frequencies is 
shown in Fig. 12*14. At the frequency for which Ic is the 
larger, it approximates Iz in magnitude. This effect is some- 
times used in networks to maintain constant impedance and 
power factor over a wide frequency band. 



Fig. 12*16 Response of parallel circuit to suddenly impressed current. 
(From Electronic Transformers and Circuits by Reuben Lee.) 


Into the parallel circuit of Fig. 12 *6 may flow a suddenly 
impressed current, that is, a current having the same shape 
as the voltage of Fig. 12*6 (a). Anode current in a suddenly 


unblocked pentode amplifier has this shape. Current in 
terms of the entering current I is plotted in Fig. 12*15 for 
several sets of values of circuit elements. Abscissas are not 
time but time constant, which is approximately the recipro- 
cal of the angular frequency of the circuit. 

Iz lags E at frequencies below resonance and leads at 
frequencies higher than resonance. This situation is the 
reverse of that for a series resonant circuit. The phase angle 
is zero at resonance provided this resonance is taken as the 
imity-power-factor condition. 

It is most feasible to compare the sinusoidal and step- 
function performance of a parallel circuit on a current basis. 
This is done in Table 12*2. In this table Q denotes the 
ratio of coL to including load resistance. It is the Q of 
the coil only if the load resistance is zero. 


Table 12*2 Comparison of Sinusoidal and Step-Function Cur- 
rents IN A Parallel Tuned Circuit 


Quantity 

1. Entering current 
Iz 


Sinusoidal Current 

ERC/L for unity-power- 
factor condition (af> 
proximately true for 
maximum impedance 
for high Q)y where 


Step-Function 

Current 

Assumed constant 
after initial in- 
stant. 


Q 


u>L 

'r 


2. Current in induc- 
tive branch II 


3. Current in capaci- 
tive branch Ic 

4. Phase angle 


6. Frequency 


Approximately Q!z- 


Approximately QIz- 

Lagging at / < reso- 
nance; leading at / > 
resonance; zero at / 
= n*aonance. 

Resonance frequency 


Initially zero; rises 
to constant value 
I according to Fig. 
12*15; may over- 
shoot to 21 in 
highly oscillating 
circuit. 

Initially /; at any 
instant I — ii. 

Time delay as shown 
in Fig. 12 * 16. 


Frequency of oscil- 
lations 


± IJL JL I ^ 

27r\LC L* 2 t\LC 4L2 


12-3 COUPLED CIRCUITS 

The term coupling denotes voltage or power transfer from 
one part of a circuit to another. Coupling may be of several 
kinds, depending upon the type of circuit and the means 
used for transfer of power or voltage.^ The term is rather 
loosely used, and may indicate an element across which the 
transfer is made, or may indicate the connecting means 
between different parts of a circuit. The discussion here is 
confined to inductive coupling. A discussion of one form of 
capacitance coupling is given in Section 12*4. 

Consider first the circuit of Fig. 12*16, in which imped- 
ance Z\ is complex and includes the inductance of the 
primary coil. Likewise, secondary impedance Z 2 is complex 
and includes the inductance of the secondary coil. 
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The equivalent impedance of the circuit of Fig. 12*16 
when referred to the primaiy side is 

Y ^ 

Z' ( 12 * 10 ) 

Z2 

where Xm = josLtn ohms 

0 ) = angular frequency of E\ 

Ltn — mutual inductance of the two coils in henrys. 

The equivalent impeilance referred to the secondary side is 



Fia. 12*16 Inductively coupled circuits (general case). (From 
Electronic Transformer 8 and Circuits by Reuben Lee.) 

If the primary resistance is zero, or virtually zero, and the 
secondary circuit is tuned to resonance, Z 2 is a pure resist- 
ance /?. Under these conditions, equation 12 10 reduces to 

- ( 1212 ) 

It 


the condition is similar to that of equation 12 * 12, in which 
maximum power or current is produced in the secondary 
circuit. Maximum current through C 2 gives maximum E 2 . 
This coupling is known as the critical value. Smaller values 
of coupling give a smaller maximum of £ 2 - Values of coup- 
ling greater than critical result in a ‘^double hump,^^ as 
shown in Fig. 12*18. The amplitude of the resonant peaks 
and valleys, as well as the frequency distance between 
peaks, varies with circuit Q and coefficient of coupling k. 



CYCLeS OFF RESONANCE 

Fia. 12 * 18 Response curves for circuit of Fig. 12*17. (I' rom Electronic 
Transformers and Circuits by Reuixm L(h\) 


where ft' is the equivalent resistance in the primary circuit. 

Equation 12*12 gives the mutual inductance required for 
coupling a resistance R so it appears to be a resistance in 
the primary with a maximum power transfer between the 
two circuits. 

The ratio of mutual inductance to the geometric mean of 
the primary and secondary self-inductance is known as the 
coefficient of coupling, or 


Etn 

VLiLz 


(12 13) 


The value of k is never greater than unity even if coils are 
interleaved to the maximum possible extent. Values of k 
down to 0.01 or lower are common.^ 

A form of coupled circuit often used is shown in Fig. 12*17. 
A sinusoidal voltage Ei is commonly impressed on the 


The usefulness of cuiwcs such as the double-hump curv^e of 
Fig. 12*18 is that discrimination is affoitled to adjacent 
frequencies and yet very little attenuation is offered to a band 
near the frequency normally corresponding to resonance. 

12-4 POWER-AMPLIFIER OUTPUT CIRCUITS * 

Power-amplifier output circuits should be designed so that 
the proper amount of power is delivered to the load with a 
minimum of distortion and harmonic content.® Consider 
the simplified circuit of Fig. 12*19, consisting of a tube with 
grid excitation from a preceding stage, an anode tank circuit 
C and L, and a coupling coil transferring the power from L 
to the antenna. Anode power is fumished from a source 
HV at a constant voltage Ei,- 


m If 



TO 

EXCITER 


Fig. 12*17 Inductively couplet! tuned circuits. (From Electronic 
Transformers and Circuits by Reuben Lee.) 



LOAD 


Fio. 12*19 Simple tuned amplifier circuit. 


primary circuit by a vacuum-tube amplifier. E 2 in this circuit 
depends upon impressed frequency, and is shown in Fig. 
12*18 for resonance at three different values of coupling. If 
the value of coupling is such that 

Xm “ (12 14) 


The tank circuit can be represented by Fig. 12*6, in 
which C and L correspond to similar quantities in Fig. 12 * 19, 
and R is the tank equivalent of load resistance plus tank- 
coil resistance. This circuit may be considered as having 

* Sections 12*4, 12*5, and 12*6 are based on the author’s ’’Design 
of Power Amplifier Output Circuits,” Radio Eng.y July 1934. 
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an entering current Izt which is the a-c component of /p, 
and which develops across the tank an effective alternating 
voltage Ep. The frequency at which this circuit operates is 
taken as the fundamental frequency unless otherwise stipu- 
lated. 

The peak value of the alternating voltage is 



(12-15) 


where rj is anode efficiency, for values of ?; < 0.785. 

The rms value of the tank voltage is Ep = 0.707Epk. To 
obtain the currents and voltages here described, the funda- 
mental component of Iz must be in phase with Ep; that is, the 
tank circuit must be tuned to the unity-power-factor condi- 
tion represented by the vector diagram of Fig. 12-8. This 
diagram shows that tank-capacitor current Ic leads Iz and 
Ep by 90 degrees and that tank-coil current lags Iz by an 
angle somewhat less than 90 degrees because of the resist- 
ance in the coil branch. 

The prodiK^t of Ep and Ic or 7/, evidently may be (and in 
fact usually is) greater than the product of Ep and Iz. The 
ratio Kt of these two produ(;ts is the volt-amperes/watts 
or kva/kw ratio, the volt-amperes l)eing the apparent power 
and the watts the true power, including losses, in the tank 
circuit. 

If the combination of L and C in Fig. 12*19 were replaced 
by a simple resistance, the power amplifier would still func- 
tion properly, and this would be the same as making volt- 
amperes/watts = 1. However, tube current h, which may 
have large harmonic components, would pass into this 
resistanc^e unchanged, and the output of the amplifier would 
be high in harmonic content. But capacitor C in Fig. 12*19 
allows the harmonic components to flow freely, while the 
coil L discriminates against them. Thus the cfTcct of high 
Kr is to reduce harmonics; conversely, the lowest value of 
this ratio in Fig. 12*19 is fixed by the percentage of har- 
monics in the load circuit. 

The upper limit of Kt is that of size or expense. This is 
tnie of single-frequency amplifiers but, if the impressed 
voltage is modulated, there is another limitation. Because 
of the time interval required to store or remove energy from 
the tank-circuit C and L, voltage Ep cannot be varied too 
rapidly, and the upper limit of Kt is determined by the 
highest modulation frequency. Thus the problem is to find 
the lower limit of Kt as determined by harmonic content 
and the upper limit from the highest modulation frequency. 


12-6 HARMONIC CONTENT 

Designate harmonic currents by primes (/'p = any har- 
monic component of anode current, 7 'l = any harmonic 
component of tank coil current), and let the symbols with- 
out primes refer to the fundamental component. The ratio 
Ei/Il is plotted for second and third harmonics in Fig. 12 *20 
for tank circuits working in an average class C amplifier. 
Higher harmonics have smaller amplitudes and arc atten- 
uated to a greater degree than the second or third, which arc 
the only ones that usually need to be considered. 

Two factors make Fig. 12*20 less accurate than could be 
desired. The first is distributed capacitance, which is not 


directly calculable. Its effect is to pass the higher harmonics 
between the turns of Li and over to L 2 more freely than 
Fig. 12*20 would indicate, especially at the higher fre- 
quencies. For this reason, a grounded static shield is some- 
times placed between coils Li and 7/2- 



Fig. 12*20 Harmonic content of tank coil purrent for circuit shown 
in Fig. 12-19. (Reprintcci with permission from R. Ia'c, Umiio Eng., 
Vol. l4, July 1934.) 


The other factor not accounted for by Fig. 12*20 is pos- 
sible load resonance at the harmonic frequency. If the load 
is an antenna which is resonant at some harmonic, the 
radiated field strength of this harmonic might be high, even 
though the harmonic component of antenna current were 
in accordance with Fig. 12*20. The antenna should be 
adjusted slightly to avoid such resonance, or the harmonic 
should be attenuated by some other means. 

An antenna is rarely connected directly to the coil cou- 
pling as shown in Fig. 12 * 19. Usually some other apparatus 
is used to tune the antenna to resonance at the fundamental 
frequency. Nevertheless, a tank circuit is often coupled to a 
resistance in this way for other types of load. 

Suppose a capacitive antenna is tuned to resonance by an 
inductance The output circuit could be shoivn as in 
Fig. 12*21, where La is the total inductance of the circuit, 



Fig. 12-21 Inductivoly coupled antonna circuit. (Reprinted with 
{)ermi8sion from R. Lee, Radio Eng., Vol. 14, July 1934.) 

Ca is the total capacitance of the circuit, and Ra is the sum 
of antenna and coil resistances. The antenna fundamental 
and harmonic currents, I a and 7 'a, respectively, are plotted 
in solid lines in Fig. 12*22 for the second and third har- 
monics between the harmonic current ratio Va/Ia and the 
product KtKa of the volt-ampere ratios in the tank and 
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antenna circuits. Figure 12*22 is subject to the same gen- 
eral stipulations regarding tube current, capacitive cou- 
pling, and antenna impedance mentioned for Fig. 12*6. 

The cuiTes show the minimum ratio Kt that can be per- 
mitted in circuits like Figs. 12*21 and 12*6 for any ratio of 



Fig. 12*22 Harmonic content of antenna current for circuits shown 
in Figs. 12*21 and 12*23. (Reprinted with permission from R. Lee, 
Radio Eng„ Vol. 14, July 1934.) 


harmonic to fundamental antenna current. If this ratio 
cannot be made low enough without excessive size, other 
means can be used. One of the most common is connecting 
amplifier tubes in push-pull. By this means even har- 
monics are “balanced out^^ or reduced so that the harmonic 
of greatest magnitude is the third. Figures 12 • 20 and 12 * 22 
show how harmonic current can be reduced in this way. 

If push-pull is impractical, or if still further harmonic 
reduction is necessary, the capacitively coupled circuit of 
Fig. 12*23 can sometimes be used. The harmonic antenna- 
current ratio in this circuit is found from the broken lines 
of Fig. 12*22, if the capacitive reactance of capacitor Cc 
and the antenna resistance are low, as they usually are 



Fio. 12*23 Capacitively coupled antenna circuit. (Reprinted with 
permission from R. Lee, Radio Eng,, Vol. 14, July 1934.) 


where this circuit is used. The effect of distributed capaci- 
tance in increasing harmonic currents is almost zero, par- 
ticularly if the tank circuit is well shielded from the antenna 
circuit, as indicated in Fig. 12*23. Figure 12*22 shows that 
harmonic currents can be made very small with this circuit. 


12-6 MODULATION 

In a modulated amplifier, there is an upper limit of tank 
and antenna volt-amperes which must not be exceeded if 
distortion is to be avoided. This distortion is the result of 
applying and removing power from a circuit at a more rapid 
rate than the natural time of build-up and decay of the 
circuit. It imposes a limit upon the highest modulation fre- 
quency as follows: 


f^JKA (1216) 

fm 

where •/ is a constant depending upon the allowable audio 
distortion at /m, and / is the operating carrier frequency. 
This equation neglects tank losses, and is accurate only for 
loosely coupled circuits, or for values of Ka and Kt greater 



Fio. 12*24 IJpiM^r limit of modulation frecpionoy. (Rt'printcd with 
permission from U. Ix;e, Radio Eng., Vol. 14, July 1934.) 


than 4. It is plotted in Fig. 12*24 for 1, 2, 5, and 10 percent 
audio distortion, for either inductive or capacitive antenna 
coupling. For the circuit of Fig. 12 • 19, the term J in equa- 
tion 12*16 should have values one half of those just given, 
and Ka should be replaced by Kt- 

12-7 TANK-CIRCUIT FREQUENCY RANGES 

As long as the circuit is tuned to a single frequency, the 
variable part of capacitance or inductance required to tune 
the circuit is small, and the circuit performs approximately 
as desired. However, if a large frequency range is to be 
covered, changes in current may be too large. It is then 
necessary to limit the variation of tank current. 

One common method of limiting it is to use tapped capaci- 
tors and coils. Capacitance values are chosen for each por- 
tion of the frequency range so that current remains fairly 
constant, and taps on the coil are likewise chosen for each 
of the portions of the frequency range. Exact tuning is then 
done by either a variable coil or a variable capacitor across 
the combination just mentioned. In Fig. 12*25 an upper 
and a lower current limit, Ii and I 2 respectively, are shown 
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as frequency is varied from /' to p. Corresponding to these 
frequencies are capacitances C', C", and so on. 

The total capacitance needed for the lowest frequency is 


C' = 


h 

2irrE 


(12. 17) 


where E is the alternating voltage across the tank circuit. 
The minimum capacitance at the highest frequency p is 



Fio. 12-26 Division of tank capacitance to limit tank-current varia- 
tions. 


common. The inductance and the frequency of transmis- 
sion determine the value of Q. The relation of pure react- 
ances in the transmission band is 

0> — >-l (1219) 

4^2 

where Zi is the reactance of the series arm and Z 2 is the 
reactance of the shunt arm. In Fig. 12*26, Zi = 27r/L = 
2Trf{Lf2 + L/2), and Z 2 = the reactance of C at trans- 
mission frequencies. The attenuation for sections of filter 
like Fig. 12-26 is shown in Fig. 12-27 for a pure-reactance 

Db 



Fi(i. 12-27 Attenuation per section with pure reactance arms. (From 
Electronic Transformers and Circuits by Reuben Lee.) 


12-8 PRINCIPLES OF WAVE FILTERS 

Although tuned circuits are generally used to pass currents 
of certain frequencies at full amplitude and at the same time 
to suppress currents of other frequencies, the same thing can 
be accomplished by a type of network known as a wave 
filter.^ In such a filter, the band of frequencies to be passed 
is known as the transmission band, and the band to be sup- 
pressed is kno^vn as the attenuation band. At some fre- 
quency, known as the cut-ofT frequency, the filter starts to 
attenuate. The transition between attenuation and trans- 
mission bands may be gradual or sharp, and the filter is 
said to have gradual or sharp cut-off accordingly. 


L/2 L/2 L 



T SECTION TT SECTION 

Fio. 12-26 Low-pass filter .sections. (From Electronic Transformers 
and Circuits by Reuben Lee.) 

In general, the elements of a wave filter are nearly pure 
reactances, to avoid introducing losses and attenuation in 
the transmission bands. For example, in the “low-pass*' 
filter T-section shown in Fig. 12-26, the inductance arms 
shown as L/2 and the capacitance C are made with losses as 
low as possible. Capacitors used in filters have inherently 
low losses, but it is difficult to make the inductances with 
losses low enough. Values of Q ranging from 10 to 200 are 


network starting at the cut-off frequency. Attenuation is 
shown in decibels, and the abscissas are one quarter of the 
ratio of series to shunt reactances. 

In the transmission band the sections of filter should be 
terminated in the proper impedance, for it delivers it« full 
energy only into an impedance equal to its characteristic 
impedance. A properly terminated filter exhibits the same 
impedance at cither end, if the opposite end is terminated in 
an impedance equal to its characteristic impedance. The 
impedance at any given point in the filter is called its image 
impedance; it is the same in either direction provided the 
source and sending-end impedances are equal. In general, 
image impedance is not the same for all points in the filter. 
For example, the impedance looking into the left or T- 
section of Fig. 12-26, if it is assumed that it is terminated 
properly, is not the same as that seen across capacitor C. 
For that reason another half series arm is added between C 
and the termination to keep proper impedance relations. 
Terminating sections at both the sending and receiving ends 
of a filter network are half sections; intermediate sections 
are full sections. A full T-section of the type shown in Fig. 
12-26 includes an inductance L equal to L/2 + L/2. An 
image impedance at the input terminals of the T-section of 
Fig. 12-26 is known as the midseries impedance; that seen 
across capacitor C is known as the midshunt impedance. 

Like^vise, in the pi-section shown at the right of Fig. 12-26, 
the midshunt image impedance is at the input or output 
terminals. The midseries impedance is at a point in the 
middle of coil L. This section would terminate properly in 
its characteristic impedance at either end. Adjacent sec- 
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tions would have C/2 for the shunt arm, so that a full section 
would again be composed of a capacitor C and an induct- 
ance L. The choice of T- or pi-sections is determined by 
convenience in termination, or by the desired variation of 
image impedance with frequency. 

If these precautions are not observed, reflections may 
cause a loss of power transfer in the transmission band. 



Fig. 12*28 Phase shift from input to output terminals of filter section 
as relateil to filter im|)e<lanoes. (From Electronic Transformers and 
Circuits by Kcuben Lee.) 


quencics, but change as shown in Fig. 12*29, depending upon 
whether midseries or midshunt values are taken. Midseries 
impedance decreases slowly from its nominal or charac- 



Fig. 12*29 Impedance changes above and below cut-off frt'quency 
(From Electronic Transformers and Ciraiits by Reuben Lee.) 


The phase shift between input and output voltage per teristic value to zero as cut-off frequency is approached, 
section for a filter with pure reactance anns is shown in after which it changes to a pure reactance increasing with 
Fig. 12*28. It is zero only at zero frequency, and increases frequency. Likewise, midshunt impedance is a resistance, 


to 180 degrees at cut-off. It then stays at 180 degrees. 


and it increases to infinity at cut-off, beyond which it is a 


Image impedances of a filter are not constant at all fre- pure reactance of decreasing value. 
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Fio. 12*30 Wave-filter characteristics. (From Electronic Trantformers and Circuits by Reuben Lee.) 
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12*9 FILTER-DESIGN CHARTS 

Filter design information and qualitative performance are 
shown in Fig. 12*30 for the more common types of filters. 
The configurations are half sections followed by whole sec- 
tions and terminated by half sections. Cut-off frequency is 
designated as fey and the frequencies at which attenuation 
peaks are theoretically infinite are designated /oq. 


12*10 constant-a: filters 

In a constant-A^ filter the product of the series and shunt 
impedances is a constant independent of frequency. That is, 

Z 1 Z 2 - (12*20) 


where A is a constant. For pure reactance arms, this equa- 
tion becomes 


K = 



(12*21) 


Equation 12 *21 expresses the characteristic impedance for a 
transmission line witliout losses and with unit inductance L 
and unit capacitance C. Therefore, R in this equation may 
be considered as the characteristic impedance of the filter. 
Constant-A' filters are simple and arc used widely. Filters 
1, 4, 9, and 12 in Fig. 12*30 arc of this type. 

For constant-A filters equation 12*19 })ecomcs 


4Z2 




for low-pass filters 


11 


for high-pass filters 


(12*221 


This equation shows that the abscissas of Figs. 12*27 and 
12*28 for constant-A filters are f^/fr^ or fj^/f^ for low- or 
high-pass filters. 

Because the image impedance (changes so much with fre- 
quency, it is difficult to tenninate a constant-A filter for 
sharp cut-off. Reflection losses at or near cut-off arc there- 
fore large. 


band, attenuation becomes infinite for pure reactance ele- 
ments at frequency f^y after which it drops below that of its 
constant-A prototype. 



Fia. 12 '31 Variation of imago impedances in transmission band for 
m-derived filters. (From Electronic Transformers and Circuits by 
Reubt'n Lee.) 


12*12 LIMITATIONS OF WAVE FILTERS 


12*11 m-DERIVED FILTER 

Filters 2, 3, 5, 6, 7, 8, 10, and 11 in Fig. 12-30 are 
wt-dcrived filters. They have the same nominal image im- 
pedances as those of the constant-K prototype, but their 
attenuation, phase, and image impedance vary differently 
with frequency. The configurations of these filters are in 
general different from constant-A filters. Ihe relations 
between the various elements of m-derived sections and their 
constant-A prototyjaes are shown in Fig. 12-30. The value 
of m is found from 

m = VT^ (12*23) 

where a is the ratio of cut-off frequency fc to frequency of 
maximum attenuation for low’-pass filters, and the recipro- 
cal of this ratio for high-pass filters. Variation of imped- 
ance is shown in Fig. 12 *31 for several different values of m. 
For some filters the results are better, at least in the trans- 
mission band up to cut-off frequency /c- In the attenuation 


Several factors modify the performance of the wave filters 
shown in Figs. 12*27 and 12*28, especially in the cut-off 
region. One of these is reflection caused by mismatch of the 
characteristic impedance.* ® The load resistor usually is of 
constant value, whereas the image impedance usually drops 
to zero at cut-off. The resulting reflections cause a rounding 
of the attenuation curve in the cut-off region, as shown on 
curve V of Fig. 12 *32. This is more pronounced in constant- 
A filtci's than in //^-dcrived filters, because the impedance 
match is better in the m-derived type. 

Another factor is the Q of the filter chokes. CAirve IV of 
Fig. 12*32 show’s typical rounding caused by this factor. 
Still another cause of the gradual slope of cut-off is the prac- 
tice of inserting a resistor to simulate source impedance. 
Typical cases in which source and terminating resistances 
are equal have the effect shown by curves I and I A in Fig. 
12*32. Correct prediction of filter response near cut-off 
requires a good deal of care. It cannot be taken from the 
usual attenuation charts. 
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In band-pass filters, the effects just noticed are present, lino is not an exact multiple of 90 degrees long, some means 
with the additional complication of band width.*® Band must be found to increase its length to the next higher multi- 
width must be chosen for high attenuation at unwanted pie of 90 degrees. For either of these purposes artificial 
frequencies and low attenuation at desired frequencies. This lines are used. They may operate either at a single fre- 



Fia. 12*32 Influence of reactor Q and reflections on sharpness of cut-off. (From Electronic Tranaformers and Circuits by Reuben Lee.) 


may not be a simple choice, as shown in Fig. 12*33. Fig- 
ure 12*33 (a) shows how, for a given frequency separation 
from the midfrequency, attenuation decreases as the filter 
band width is made wider. In Fig. 12*33 (6) the impedance 
variation is shown to be much less with a wider band width. 
Therefore choosing a narrow band width attenuates fre- 
quencies in the transmission band because of reflections. 
The use of m-derived sections is of benefit in the latter case, 
as shown in Fig. 12*33 (6), but here again at attenuation 
frequencies beyond the attenuation is often insufficient. 


f2/fin>l.05 



( 0 ) 



(b) 


Fio. 12*33 (a) Attenuation and (6) imjxsdance of band-pass filters. 

(From Eleclrmiic Transformers and Circuits by Reuben Lee.) 


quency or over a range of frequencies. They may be tapped 
for adjustment to suit any frequency in a given range, so 
that impedance and line length are correct. The configura- 
tion may be either T or tt, high or low pass. Figure 12*34 
shows these four combinations for any electrical length 0 of 
line section. The line is assumed to be terminated in a pure 
resistance equal in value to the line characteristic imped- 
ance Zq, 
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Fio. 12*34 Artificial line relations. (From Electronic Transformers 
and Circuits by Reuben Lee.) 


m-Derived terminating half sections for band-pass filter 9 
in Fig. 12*30 are complicated, diflScult to adjust, and seldom 
justified. 

12*13 ARTIFICIAL LINES 

Sometimes a certain amount of time delay must be inter- 
posed between one circuit and another; or, if a transmission 


12*14 D-e POWER-SUPPLY FILTERS 

D-c power-supply filters have to pass only one frequency, 
which is zero. All ripple frequencies are in the attenuation 
band. Hence the whole wave-filter terminology of imped- 
ance-m&tching and cut-off frequencies may be discarded, 
and the analysis may be concentrated on attenuating prop- 
erties. A rectifier filter should pass rectified direct current 
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to the load without appreciable loss, but should attenuate 
the ripple so that it is not objectionable. 

An example of the degree to which this filtering must be 
sometimes carried is the plate supply for a radio transmitter. 
From the microphone to the antenna of a high-power broad- 
cast station, the power amplification may be 2 X 10^®. A 
ripple as great as 0.005 percent of the plate voltage at the 
microphone would produce a noise in the received wave 
loud enough to make the transmitted program inaudible. 

Only rectifier voltages are considered here. D-c genera- 
tors may be considered as special kinds of rectifiers. Dif- 
ferent t5rpes of rectifiers have differing output-voltage waves, 
which affect filter design. Various common types of recti- 
fiers are described in Chapter 15. 

For a single-phase half-wave rectifier the rectified voltage 
across a resistive load li is shown in Fig. 12*35. It has a 



Fio. 12 -36 ITalf-wavc rectifier 
voltage. 


Fig. 12-36 Capacitor 
filUir. 


(From Electronic Transfortners and CircuiiH by licuben Ix^e.) 


ance Xc. If R is low, Xl should be large compared with 
R- In Fig. 12*37 (a) the ripple amplitude across/? is 
Xc/ {Xj, — Xc) times the amplitude generated by the recti- 
fier, R being considered large compared with Xc. In Fig. 
12*37 (6) the ripple amplitude across R is R/Xl times the 
value obtained with capacitor only. R is considered small 
compared with Xl- 

High inductance is required for continuous current if the 
inductor is on the rectifier side of the capacitor in a half- 
wave rectifier circuit. Since current tends to flow only half 
the time, the rectified output is reduced accoixlingly. 


Single-Phase Full-Wave Rectifier 

In the single-phase full-wave rectifier, show n in Fig. 12*38, 
alternating components of the voltage have a fundamental 
frequency double that of the supply. Amplitudes of these 
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Fig. 12*38 (a) Single-phase full-wave rectifier. (6) Rectified volt-age. 

(From Electronic Tramformera and Circuila by Heulxm Lee.) 


direct component with an average value of 0.45/^a-r, and a 
series of alternating components. The fundamental alter- 
nating component has the same frequency as that of the 
supply voltage. 

Single-phase half-wave rectifiers are used only if a low 
average value of load voltage and large variations in it are 
permissible. The chief advantage of this type of rectifier is 
' its simplicity. A method of overcoming both its disadvan- 
tages is illustrated in Fig. 12*36, in which capacitor C 
shunts the load. With a suitable capacitor, Ed^c sometimes 
can be increased to within a few percent of peak voltage 
Ejtk- The principal disadvantage of this method is that the 
capacitor draw\s a large current during the charging interval 
AL This current is limited only by transformer and rectifier 
regulation; yet it must not be so large as to damage the 
rectifier. The higher the value of Ed^c with respect to Ea^c 
the larger is the charging current taken by C; consequently, 
if a smooth current wave is desired, some other method of 
filtering must be used. 

After the limiting capacitor size has been reached, an 
inductive reactor may be employed. It may be placed on 
the rectifier side of the capacitor if load resistor R is high, or 
on the load side of the capacitor if R is low; see Fig. 
12*37 (a) and (6). If the reactor is on the rectifier side, 
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Fig. 


(a) 

12*37 (a) Inductor-input filter. (6) Capacitor-input filter. 

(From Electronic Transformers and Circuits by Reuben Lee.) 


components arc much less than for the half-wave rectifier. 
At this higher frequency L and C are doubly effective; the 
smaller amplitude results m smaller percentage of ripple 
across the load. Current is continuous and Ed-c has double 
the value it had in Fig. 12*35. 

This rectifier uses only one half 
of the transformer winding at a 
time; that is, Ea-c i» only half the 
transformer secondary voltage. A 
circuit which utilizes the whole of 
this voltage in producing Ed-c is 
shown in Fig. 12*39. The output- 
voltage relations are the same as 
those of Fig. 12 *38. Although this 
circuit requires more rectifying devices, it eliminates the 
need for a transformer midtap. 



Fig. 12 • 39 Bridge rectifier. 
(From Electronic Trans- 
formers and Circuits by 
Reuben Lee.) 


Polyphase Rectifiers 

The effect of rectifying more than one phase is to super- 
pose more voltages of the same peak value, but in different 
time relation to each other. Figures 12*40 (a) and 12*40 (6) 
compare the rectified output voltage for three-phase half- 
wave and full-wave rectifiers. These figures show that in- 
creasing the number of phases increases the value of Ed-cy 
increases the frequency of the alternating components, and 



THREE -PHASE HALF WAVE THREE PHASE FULL WAVE OR DOUBLE Y 

SIX PHASE 

(0) lb) 

Fig. 12*40 Polyphase rectifier output waves. (From Electronic 
Transformers arul Circuits by Reuben Lee.) 


voltage Ed-c has less than the average value 0.45^;a.r, be- 
cause the inductor delays build-up of current during the 
positive half cycle of voltage. Yet the inductor should have 
large reactance Xlj compared with the capacitive react- 


decreascs the amplitude of these components. Ripple fre- 
quency is p times that of the unrectified alternating voltage, 
p being 1, 2, 3, and 6 for the respective waves. The fre- 
quency of any ripple harmonic is mp, where m is the order 
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of the luirinonic. Roughly, p represents the number of 
phases, provideil that allowance is made for p = 1 and 
p = 2, and for the type of circuit with the higher values of 
p, as in Fig. 12 ‘41. 



Fig. 12-41 Rectifier ripple volfage. (From Electnmic Traruifomiera 
arul Circuits by Reuben Lee.) 


Ripple amplitude is given in Fig. 12-41 for the ripple 
fundamental and second and third harmonics. In this 
cur\"e, the ratio Pa of ripple amplitude to direct output 
voltage is plotted against the number of phases p. Pa di- 
minishes a great deal for second and third harmonics. In 
general, if a filter effectively reduces the percentage of funda- 
mental ripple across the load, the harmonics arc negligible. 


Multistage Filters 

The filter shown in Fig. 12-37 (a) is known as an inductor- 
input filter. As far as filtering action is concerned, the 



Fig. 12*42 Inductor-input filter circuits. (From Electronic Trans- 
formers and Circuits by Reuben Lee.) 

rectifier is simply a source of non-sinusoidal alternating volt- 
age across the filter. It is possible to replace the usual 
circuit representation by Fig. 12-42 (a). For any harmonic, 
.say the nth, the voltage across the whole circuit is the har- 
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monic amplitude Any and the voltage across the load is 
PnEd’C- Pr is the ripple allowable across the load, expressed 
as a fraction of the average voltage. Since load resistance 
R is large compared with Xc, the two voltages are almost 
in phase, and they bear the same ratio to each other as their 
respective reactances, or 


Pa ^ X l - Xc ^ ^ 
Pr “ Xc Xc 


(12-24) 


The type of rectifier and the permissible amount of ripple 
in the load voltage determine the ratio of inductive to 
capacitive reactance. 



Xl ^ INDUCTIVE REACTANCE 
Xc CAPACITIVE REACTANCE 


(LUMPED VALUES) 


Fig. 12*43 Comparison of atU-nuation in 1, 2, and 3 filter stages. 
(From Electronic Transformers and Circuits by Reuben Lee.) 


If Pr must be kept small, the single-stage filter of Fig. 
12*42 (a) may require an abnormally large inductor and 
capacitor, and it may be preferable to split both the inductor 
and the capacitor into two separate equal units, and connect 
them like the two-stage filter of Fig. 12-42 (6). A much 
smaller total amount of inductance and of capacitance then 
is necessary. For this filter 



X'l and X'c are the reactances of each inductor and capaci- 
tor in the circuit. Likewise, the three-stage filter of Fig. 
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12 -42 (c) may be more practicable for still smaller values of 
Pr. In this filter, 


Pa _ /X\ - X'cV 
Pr \ X'c ) 


(12-26) 


and in general, for a n-stage filter. 


Pa ^ f X't - X'cV 
Pr \ X'c ) 


(12-27) 


It is advantageous to use more than one stage only if the 
ratio Pa/Pr is high. That the gain from multistage filters 
is realized only for certain values of PaIPr is shown by 


filter, where otherwise more stages might be most eco- 
nomical. 

Capacitor-Input Filters 

It cannot always be assumed that transformer and recti- 
fier voltage drops are negligible, if capacitor-input filters are 
used, because large peak currents are drawn by the capacitor 
during the charging interval. Such charging currents drawn 
through finite resistances affect both the output voltage and 
the ripple in a complicated maimer, and a simple analysis 
such as that for inductor-input filters is impossible. Fig- 
ure 12-44 is a plot of the ripple in the load of capacitor-input 



Fia. 12-44 Rias ripple volUiBe of capacitor-input circuits. (Reprinted with jK-rinisfion from O. H. Schade, Proc. I.R.E., I'ol. 31, July 1043.) 


Fig. 12-43. I'he lower cur\e .shows the relation between 
Pa/Pr a'wl Xl/Xc for a single-stage filter. The second 
curve shows the increase in Pa/Pr gained by sjilitting the 
same X/, and Xc into a two-stage filter. As indicated in 
Fig. 12-42 (6), the inductance and capacitance have oik?- 
half their “lumped” value. The upper curve indicrates the 
same increase for a threostage filter, each inductor and 
capacitor of which have one third of their “lumpetl” or 
single-stage values. The attenuation in multistaging is 
enormous for high Xl/Xc- For lower values there may lie 
a loss instead of a gain, as shown by the intersection of the 
two upper curves. These cuiwes also interseert the lower 
curve if all are prolonged to the left. This condition may 
appear to be a puzzling one; but consider that, for 
Xl/Xc = 60 in the single-stage filter, the ratio is }^X/,/3Xc 
or 60/9 in the three-stage filter. The rather small advantage 
of the three-stage filter is not difficult to account for. 

Other factors influence the selection of the number of 
filter stages. For example, modulation or keying may re- 
quire that a definite size of filter capacitor be used across 
the load. Usually these conditions result in a single-stage 


filtoi’s with various ratios of sourco resistance to load resist- 
ance, and for three types of rectifiers. These curves are 
useful also if resistance is used in place of the inductance of 
an inductor-input filter. In Fig. 12*44 co is 27r times the 
supply frequency, C is capacitance, Rl is the load resistance, 
and Rs is the source resistance. 

If L-C filter stages follow a capacitor-input filter the 
ripple of the capacitor-input filter is reduced as in Fig. 12*43, 
except that Pa must be taken from Fig. 12*44. If an R-C 
filter stage follows any type of filter the ripple is reduced in 
the ratio R/Xc represented by the R-C stage. 

12-16 POWER-SUPPLY REGULATION 

The regulation of a rectifier depends upon three distinct 
factom: 

1. The d-c resistance or 77? drop. 

2. The commutation reactance or IX drop. 

3. The capacitor charging effect. 

The first factor can be reduced by the use of tubes, trans- 
foi-mers, and inductors having low resistance. 
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Commutation reactance can be kept low by proper trans- 
former design, particularly where the ratio of short-circuit 
current to nonnal load is high.** The amount of regulation 
caused by commutation reactance is 

Percent commutation reactance drop 

m ig-rX 

. T (12-28) 

,.c sin - 
P 

where -Y = the leakage n^actance per phase 

En-c = the rms value of the a-c phase voltage 
p = number of phases in Fig. 12-41. 



If the rectifier had no filter capacitor, the rectifier would 
deli^Tr the average value of the rectified voltage wave, less 
regulation components 1 and 2. However, with a filter 
capacitor, there is a tendency at light loads for the capacitor 
to charge to the peak value of the rectified wave. At zero 
load, this is 1.57 times the average value, or a possible regu- 
lation of 57 percent in addition to the other components, for 
single-phase full-wave rectifiers. This effect is smaller for 
polyphase rectifiers, although it is present in all rectifiers 
to some extent,*^ 

Capacitor effect is illustrated by the rectifier circuit 
shown in Fig. 12-38 (a). Single-phase full-wave rectifier 
output, shown in Fig. 12-38 (fe), is delivered to an inductor- 
input filter and thence to a variable load. In such a circuit 
the filter inductor keeps the capacitor from charging to a 
^*oltage greater than the average of the rectified voltage 
wave, provided the load resistance is low enough. At some 
specific load, capacitor charging effect starts. At lighter 
loads, the direct output voltage rises above the average of 


the rectified wave, as 8ho\vn by the typical regulation curve 
of Fig. 12 -45. 

Starting at zero load, the direct output voltage Eq is 
1.57 times the average of the rectified wnve. As load in- 
creases, output voltage falls rapidly to E\ as the current Ii 
is reached. For any load greater than /j, voltage drop is 



Fia. 12-45 Rectifier regulatitm curve. (Rt^printed with |K-rmis8ion 
from U. Ixje, Electronics^ V'ol. 11, April 1938.) 

composed only of the two components IR and IX, It is 
good practice to use a bleeder load Ii so that the rectifier 
operates between I\ and / 2 . 

The filter elements bear the following relation to each 
other and to the load I\: 

Xl - Xc 

(12-29) 

where Ri — Ei/Ii, and Pa is taken from Fig. 12-41. Here 
capacitive reactance also has an effect, but it is minor rela- 
tive to that of the inductor. As this inductor becomes 
larger, the bleeder power necessary for good regulation can 



Fio. 12-46 Relation of peak sine volts to direct volts in half-wave capacitoivinput circuit. (Reprinted with permission from O. H. Schade^ 

Proe. I.R.E., Vol. 31, July 1943.) 
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Fig. 12-47 llelation of |K!ak sini- volts to direct volts in full-wave rapaeil^ir-input circuit. (Reprinted with permission from (). II. Scliade, 

Proe. I.R.R.f Vol. 31, July 1943.) 



Fig. 12*48 Relation of peak sine volts to direct volts in voltage-doubling circuit. (Ri^printed with permission from O. H. Schade, Proc 

I.R.E,, July 1943.) 
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be made smaller. In polyphase rectifiers the rise in voltage 
is not so great because of the smaller difference between peak 
and avemge d-c output. 

Capacitor-input filters have voltage curv’es shown in 
Figs. 12*46, 12-47, and 12-48. Over a range of load, these 
filters may give reasonably good regulation, but it is possible 
to get poor regulation at certain loads, as the cur\^es show. 
Series resistance plays an important part in voltage regula- 
tion of this type of filter. 

12 16 TUNED-POWER^UPPLY FILTERS 

Sometimes an inductor input filter is tuned as in Fig. 
12-49. The addition of capacitor Ci increases the effective 




resulting ripple across load resistor Rl can be made lower 
than without the use of C\. In this case, the ripple is atten- 
uated more than in the usual inductor-input filter, but the 
regulation is not substantially different. 

12-17 FILTER CURRENTS 

If the inductance in an inductor-input filter were infinite, 
the current through it would remain constant. If commuta- 
tion reactance were neglected, the current through each 
tube would be a square wave as shown by I\ and I 2 of Fig. 
12-51. The peak value of this current wave is the same as 




Fig. 12-49 Shunt-tuned power- Fig. 12-50 Series-tuned ix)wer- 
supply filter. supply filter. 

(From Electronic Transformers and Circuits by Reuben Lee.) 

reactance of the inductor at some frequency, usually the 
fundamental ripple frequency. Thus both regulation and 
ripple of this type of filter are improved. Tuning is not 
effective for the ripple harmonics, so that the use of high-Q 
filter inductors is unnecessary. The increase in effectiveness 
of the filter inductor is about three to one in this circuit. 

Sometimes filters are tuned as in Fig. 12-50, with filter 
capacitor Ci connected to a tap near the end of inductor L. 
The other filter capacitor C 2 is chosen to give series resonance 
across the load at the fundamental ripple frequency. The 
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F'ig. 12-51 Current waves in Fig. 12-52 Current waves in 
inductor-input filters. capacitor-input filters. 

(From Electronic Transformers and Circuits by Reubtm Lee.) 

the d-c output of the rectifier, and the rms value is 0.707/,/-c. 
With finite values of inductance, an appreciable amount of 
ripple current passes through the inductor and modulates 
1 1 and 1 2 , thus proclucing a larger mis value than before. 

Capacitor-input filtei*s draw current from the rectifier 
only during certain portions of the cycle Af, as shown in 
Fig. 12*52. For a given average direct current, the peak 
and rms values of these current waves are much higher than 
for inductor-input filters. Values for single-phase rectifiers 
are given in Fig. 12-53. 



Fig. 12-53 Relation of peak, average, and rms diode current in capacitor-input circuits. (Reprinted with permission from O. H. Schade 

Proc, LR.E,, Vol. 31, July 1043.) 
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In a shunt-tuned-povvcr-supply filter such as that in 
Fig. 12-49, the current drawn from the rectifier is likely to 
be peake<l because the two capacitors 0% and C 2 are in 
series, without any intervening resistance or inductance 



Fio. 12*54 Oscillogram of shunt-tunod input current. (From Elec- 
Ironic Tramfortners and Circuits by Reuben Lee.) 

drop. This peak quickly subsides because of the influence 
of inductor L, and often an oscillation takcis place on top of 
the current wave as shown in Fig. 12-54. The rectifier 
must be designed to withstand this peak current. 

Currents in Figs. 12-51, 12-52, and 12-54 are reflected 
back into the a-c supply line, except that every other current 
wave is of reverse polarity. Small rectifiers have little effect 
on the power system, but large rectifiers may produce exces- 
sive interference in nearby telephone lines because of the 
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Fig. 12*55 A-c lino filter for large power rectifier. (From Electronic 
Transfortturs atul Circints by Ilt^ubeii Ixie.) 

large harmonie currents in rectifier loads. High commuta- 
tion reactance reduces these line-current harmonics, but, 
since good regulation requires low commutation reactance, 
there is a limit to the control possible by this means. A-c 
line filters are used to attenuate line-current harmonics. A 
large rectifier with three-phase series resonant circuits de- 
signed to eliminate the 11th, 13th, 17th, and 19th harmonics 
of a 60-cyclc system is shown in Fig. 12*55. Smaller recti- 
fiers sometimes have filter sections such as those in Fig. 12 *56; 


12-18 GRID-CONTROLLED-RECTIFIER FILTERS 

In a grid-controlled rectifier the ripple, regulation, tran- 
sients, and a-c harmonic currents exceed the values for cor- 
responding rectifiers without grid control. In Fig. 12*57 
values of ripple and the ratio (Xl — Xc)/Ri for continuous 
current are plotted as functions of firing angle for a single- 
phase rectifier. The last curve is of importance, not only 
for its effect on good regulation, but also for proper rectifier 
performance.”'^® Transients introduced by commutation 
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Fig. 12*57 Ripple and current continuity curves for single-phase full- 
wave grid-controlled rectifier. (From Electronic Transformers and 
Circuits by Reuben Ix'e.) 


reactance are accentuated unless these values of filter 
inductors are adhered to. A-c line harmonics may increase 
several fold. 


INDUCTORS 


A-C 

SUPPLY. 


SHUNT 

CAPACITORS 

Fig. 12*56 A-c line filter for medium-sized power rectifier. (From 
Electronic Transfortficrs and Circuits by Reuben Lee.) 

these are rarely used in large installations because excessive 
voltage regulation is introduced by the line inductors.^®' ^ 
Commutator motors and other noise-producing devices 
cause radio interference unless their output is filtered. Such 
filters usually use circuits tuned to radio frequencies.*® 
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12-19 FILTER TRANSIENTS 

If the current is cut off during each cycle, a transient cur- 
rent occurs each cycle. When power is first applied to the 
filter the transient may be smaller or larger than the cyclic 
transient, depending upon how fast the voltage builds up. 
In inductor-input filters the transient current can be approxi- 
mated by the formula given in Section 12 * 1 for a step func- 
tion applied to the simple series circuit, because the shunting 
effect of the load is slight in a well-proportioned filter. In 
capacitor-input filters, the same method can be used, but 
the leakage inductance of the anode transformer limits the 
transient current. The same is tnie of tuned-inductor 
filters of the kind shown in Fig. 12*49. 

In some applications the load is varied or removed period- 
ically. Examples of this are keyed or modulated amplifiers. 
Transients occur when the load is applied (key do^vn) or 
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removwl (key up), causing a momentary drop or rise in 
plate voltage.'* Formulas for these transients are given in 


KEY 



Fig. 12-58 Key-click filter. (From Electronic Transformers and 
Circuits by Reuben Lee.) 

Chapter 11. If the load is a device which transmits intelli- 
gence, the variation in filter output voltage produced by 
these transients causes these undesirable effects: 

1. Modulation of the transmitted signal. 

2. Frequency variation in oscillators, if they are con- 
nected to the same plate supply. 

3. Greater tendency for key clicks, especially if the tran- 
sient initial dip is sharp. 

4. Loss of signal power. 

KEYED WAVE WITH FILTER 



AAAA/WVWWt 

ZERO 

KEYED WAVE, NO FILTER 



ZERO I 

Fio. 12-59 Wave forms with and without key-click filter. (From 
Electronic Transformers and Circuits by Reuben Lee.) 

Although the tendency for key clicks in the signal may be 
reduced by a suitably proportioned d-c supply filter, the 


clicks may not be entirely eliminated by it. If key-click 
elimination is necessary, some sort of key-click filter is used, 
of which Fig. 12*58 is an example. This filter rounds off 
the top and back of a wave and eliminates sharp, click- 
producing comers. Figure 12*59 is an oscillogram showing 
a keyed wave shape with and without such a filter. 
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I N weight, transformers used for electronic circuits range 
from a few ounces to many tons; ratings vary from zero 
to several million watts; and the frequency range ex- 
tends from less than one cycle per second to several mega- 
cycles per second. 

As might be expected, many difTerent designs are used 
for these transformers, but one principle common to all is 
Faraday’s law: 

d<t> 

€=-Ar— (13.1) 

dz 

which moans that the voltage induced in any coil of N turns 
is proportional to the number of turns and to the rate of 
change of magnetic flux in the coil. For a given voltage, if 
the rate of change of flux is small, the number of turns must 
be great; consequently, low-frequency transformers have 
many turns, and high-frequency transformers have few 
turns. As core materials are improved it becomes possible 
to operate transformers with higher and higher flux densities 
in the cores, and therefore fewer turns become necessary. 
Thus the upper limit of frequency is extended. 

13-1 CONSTRUCTION AND SIZE 


formers. For a 60-cycle supply the laminations are usually 
stacked to produce overlapping joints. This condition is 
approximated in the type C core with ground gap surfaces 
which fit closely together. To prevent saturation by direct 



The majority of electronic transformers have one coil, and 
they use laminations of the shell type. Typical assemblies 
using laminations and type C cores are shown in Figs. 13*1 



Fio. 13 •! Transformers with shell-lamination core. 


to 13-4. Laminations of the shell type are generally used 
for small transformers, and corresponding to them are assem- 
blies with two core loops. It is simpler to assemble a single- 
core loop, and so a single core is often used for small trans- 


Fig. 13*2 Partly assembled transformer with type C core. 

current in the windings, either type of core can be used with 
core gaps: laminations by butt stacking without overlap, and 
type C cores by inserting the desired amount of gap insula- 
tion between the loops. 

Both types of cores may be built into neat assemblies of 
the open type, such as those on the right of the panel in 
Fig. 13 -5. For complete enclosure, assemblies like those in 
Fig. 13 • 6 arc used. 

The size of a power transformer is determined by one or 
more of several factors. 

Rating 

The product of volts and amperes fixes the number of 
turns and the cross section of wire in an appropriate core, 
and hence the total volume. The space for turns is reduced 
(hence size increases) if space must be provided for high- 
voltage insulation or spaces between sections of multisection 
windings. Sizes for low-voltage single-section 60-cycle en- 
closed transformers are given in Fig. 13 -7. 
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Frequency 

The size of a transformer is an inverse function of fre- 
quency. This relation holds within the range from 25 to 



Fig. 13*3 Assembled cores and coil. 


800 cycles. Typical combinations of core material and 


insulation 

are 





Strip 




Fre- 

Thick- 


Class of 

Operating 

quency 

ness 

Gauss 

Insulation 

Temperature 

60 

0.014 

15,000 

A (organic) 

95 ‘•C 

400 

0,005 

12,500 

B (glass and mica) 

140^C 

800 

0.005 

8,500 

B 

140^C 


In very small units, these flux densities may be used with 
class A in.sulation throughout. The limit has not been 
reached in either flux density or operating temperature. The 



800-cycle power supplies can be made from 30 to 60 percent 
smaller with class B insulation than with class A insulation. 
Class B insulation, moreover, can better withstand extremes 
of ambient temperature, humidity, and altitude. Class B 
insulation is thus of special importance in aircraft apparatus. 
Usually at 60 cycles enough room is available to use class A 



Fig. 13*5 Amplifier chassis mouniiiiK ojxin-type transformers. 


insulation, but mica is often used to reduce the size of high- 
voltage units. 

The increase in operating temperature made possible by 
using class B insulation can be seen by referring to Fig. 13 -8. 
The lower solid line represents the ^Vight-degree rule^' for 
class A insulation (55 degrees centigrade temperature rise 
plus 10 degrees hot spot at 40 degrees ambient temperature) 
and is taken from data gathered over many years. The 
class B line has fewer data to support it. Life tc?sts indicate 
that the average safe temperature rise could be 90 degrees at 
40 degrees centigrade ambient temperature. This is shown 
by the dot-and-dash line. 

Class B insulation can be worked much closer to the ulti- 
mate dielectric strength, but size then often depends upon 
creepage distance to the core. The use of filling compounds 
makes possible a substantial size reduction in high-voltage 
transformers by reducing creepage distance. 

Varnishes used for impregnation of electrical coils have 
until lately been diluted by solvents to lower their viscosity 
and permit them to penetrate the windings. When the coils 
are baked the varnish dries, but it is left with tiny holes 
through which moisture can penetrate and in which corona 



Fig. 13-4 Single-core, single-coil assembly. 


Fig. 13*6 Fully enclosed transformers. 


necessity for small dimensions, especially in aircraft appara- 
tus, requires use of materials at their fullest capabilities. 

Insulation 

As size decreases, the ability of a transformer |p dissipate 
a given number of watts loss also decreases. Hence, it oper- 
ates at a higher temperature. Transformers for 400- and 


may form. Eventually this corona destroys the insulation. 
It is therefore necessary to allow' large clearances for high 
voltages, or to immerse the coils in oil. Either of these 
practices increases the size of a high-voltage transformer. 
New varnish such as Fostcrite changes by heat polymeriza- 
tion from a liquid to a solid with only a slight change in 
volume. It has low viscosity, requires no solvent, and with 
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care can be made to fill coil interstices completely. Because 
of this excellent tilling^ it is possible to reduce voltage clear- 
ances to a much smaller value than was formerly possible, 
and therefore to obtain a pronounced reduction in size. 

Enclosure 

With other factors such as frequency and grade of iron 
constant, large transformers dissipate less heat per unit of 
volume than do smaller ones, because dissipation area in- 
creases as the square of the equivalent spherical radius, 
whereas volume increases as its cube. Therefore large units 
commonly are of the open type; smaller units are totally 
enclosed. The apparent exception of 400- to 800-cycle 
transformers is because of the high power-dissipation rate 
with class B insulation. Totally enclosing these units might 
result in exploding the container. Where enclosure is 
feasible, it tends to increase size by limiting heat dissipation. 

Regulation 

Good voltage regulation, as required in some inductors 
and anode transformers, requires a larger cross section of 
copper than current-carrying capacity would normally 
dictate. 

It is not good practice to apply so-called safety factors in 
specifying operating voltage, for it results in unduly bulky 



Fig. 13*7 Volt-amperes versus weight, volume, and efficiency. (From 
Electronic Tranaformera and Circuila by Reuben Ijcc.) 

transformers. For class A insulation, the resistance of the 
insulation to corona over a long period is more important 
than the breakdown strength of the insulation in a 1-minute 
test. For example, a 20-mil thickness of treated cloth will 
withstand 10,000 volts for 1 minute, but corona starts at 
1250 volts, and a higher voltage would puncture the insula- 


tion in a few weeks. It is much wiser to keep operating volt- 
age from 20 to 30 percent below the corona limit than to 
guess at a percentage of the 1-minute breakdown voltage. 
It is important to make a distinction between test voltage 
and opciating voltage. Operating voltage is the usual value 
specified. 



Fig. 13*8 Cla.ss A and class B insulation life. (Reprinted with per- 
mission from R. Lee, EleclronicSt Oct. 1939.) 

13-2 CORE MATERIALS 

A large variety of core steels are used in transformers for 
electronic circuits. The principal grades are listed in Table 
13 1. 

Table 13*1 Charactekistics and Uses op the Principal Core 

Steels 

Saturation 



Maximum 

Flux 


Grade of 

Permeability 

Density 


Steel 

(typical) 

(gauss) 

Chief Uses 

Silicon 

10,000 

12,000 

Small power and voice-fre- 
ciuency audio transform- 
ers. 

Hi|x*rsil 

40,000 

17,000 

Larger sizes of power and 
widii-range audio trans- 
formers. 

Hii^rnik 

80,000 

10,000 

Small w'ide-rangc audio 
transformers; audio filter 
reactors. 

Mumetal 

200,000 

6,000 

Small wide-range audio 
transformers; audio filt<‘r 
reactors. 

Coni>ernik 

1,400 


Ijinear and low-loss trans- 
formers. 

Powilered iron 

80 

* 

Low- and medium-frequency 
r-f transformers. 


* Used for low-flux-donsity low-loss applications. As in power- 
transformer design, saturation flux dtmsiiies must not be exceedinl, 
because high exciting current protluces high IR drops in the windings 
and high losses, and hence affects size. 

Among the new steels is Hipersil, a steel in which the 
direction of grain orientation is controlled during the manu- 
facturing process. Flux must follow^ this preferred or grain- 
oriented direction to utilize the full capabilities of the mate- 
rial. Grain-oriented cores arc wound of strip in such a way 
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that flux is in the lengthwise direction. Several cores are 
shown in Fig. 13*9. 

Probably the most remarkable property of this material 
is its high saturation point. In Fig. 13*10 the comparison is 
givtm in terms of a hypothetical 60-cycle induction using 
high-grade conventional silicon steel. With this value as 



Fia. 13-9 Hipersil cores. 


100 percent, the induction with grain-oriented steel is 
150 percent with no increase in magnetizing force. Another 
way of expressing this improvement is to say that the permea- 
bility of grain-oriented steel is higher at the maximum 
point (see Fig. 13*11). Iron loss is less than in silicon steel, 
as shown by Fig. 13 * 10. 

Because of this increase in induction the core area can be 
smaller for the same magnetizing current; moreover, the 
mean length of turns can be reduced, so the amount of 
copper is reduced. For maximum benefit in power and dis- 
tribution transformers the iron and copper losses are repro- 
portioned. In small electronic transformers, the iron loss is 



MAGNETIZING FORCE-OERSTEDS FLUX DENSITY-KILOGAUSSES 


Fio. 13-10 Saturation curve and core loss of Hipersil versus silicon 
steel. (From Electronic Trans/ormera and Circuits by Reuben Lee.) 


usually a small part of the total loss, and the reduction in 
copper loss is of greater significance. 

Inductors which carry direct current can be made smaller 
with grain-oriented than with ordinary silicon steek At low 
voltage, where low induction is involved, grain-oriented 
steel has greater incremental permeability, and maintains it 



Fig. 13-11 Permeability of Hipersil ami silicon steel. 



O eo 40 60 60 100 120 


Fig. 18*12 Relation between energy per unit volume and ampere- 
turns per inch of core (Ig is the air gap, h the core length). (From 
Electronic Transformers and Circuits by Reuben Lee.) 
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at high flux denaities. Consequently, a weight reduction of 
50 percent is often feasible. Typical performance curves of 
Hipersil and silicon steel are shown in Fig. 13 • 12. 

Grain-oriented steel does not replace high-nickel alloys 
for audio transformers. Such transformers usually work at 
low induction, and with little or no direct current. Some 
nickel-iron alloys have higher permeability at low flux 
density, so their use for this purpose continues. 

Hipersil can be used for transformers in various applica- 
tions in the low and medium radio-frequency bands at power 
levels ranging up to hundreds of kilowatts. The same is 
true of video and pulse transformers, which may be regarded 



Fig. 13*13 Use of Hiporsil in various frequency zones. (From Elec- 
irofiic Transformers and Circuits by IIi^uIh!ii liOe.) 


as covering an extended frequency range down into the 
audio range and up into the medium radio-frequency range. 
Such transformers arc grouped rather loosely as radio- 
frequency transformers in Fig. 13 13. In this figure the 
several classifications of radio-frequency, audio, and power 
transformers are shown with respect to their frequency 
ranges, and to the approximate gauge of the material. C-97 
is 0.013 inch thick, (%95 is 0.005 inch thick, and C-91 is 
0.002 inch thick.* 

13-3 FILAMENT TRANSFORMERS 


voltage is low. Air may occupy most of the space between 
windings as in Fig. 13 • 14. Larger ratings are more difficult. 



Fig. 13*14 Low-capacity high-voltage filament transformer. 

because the capacitance increases directly as the mean 
length of turns for a given spacing between windings. 

Except for these differences the design of filament trans- 
formers does not differ much from the design of small 60-cycle 


Low-voltage filament transfonners are used for heating 
filaments of oscillator and amplifier tubes, at or near ground 
potential. Often the filament windings for the tubes of 
several stages are combined in one transformer. Sometimes 
several secondary windings arc required. A transfonner 
with five or six secondary windings is about half again as 
large and heavy as a unit with a single secondaiy winding. 
However, such a transformer is enough smaller than five or 
six separate units to warrant designing it specially for many 
applications. 

Ilectifier-tube filaments often operate at high direct volt- 
ages, and require windings with high-voltage insulation. It 
is usually not feasible to combine high-voltage windings with 
low- voltage windings, if the direct voltage is more than 
3000, because of insulation difficulties, partiimlarly in the 
lead joints. To reduce the length of filament leads and the 
voltage drop, rectifier-filament transformers arc often 
located near the tubes, and the filaments are heated by 
separate transformers. In polyphase rectifiers all tube 
filaments are operated at high voltage, and some secondary 
windings may be combined. 

Low-capacitance filament windings are sometimes required 
for high-frequency circuits. These are not particularly diffi- 
cult to design, if the volt-ampere rating is small and the 


MAGNETIC SHUNTS 



P- PRIMARY WINDING SECTION 
$s SECONDARY WINDING SECTION 

(A) 



Fig. 13*15 {A) Current-limiting transformer. (B) Output voltage 

versus current curve. (From Electronic Transformers and Circuits 
by Reuben Lee.) 
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power transformers. The load is constant and of unity 
power factor. Leakage reactance is not important because 
it is almost 90 degrees out of phase with the load.^ 

Filaments of large vacuum tubes sometimes must be pro- 
tected against the high initial current they would draw at 
rated filament voltage. Tliis protection is secured by reduc- 
ing starting voltage automatical!}^ through the use of a 
current-limiting transformer with magnetic shunts between 
primary and secondary ^vindings. The shunts carry little 
flux at no load; as the load increases, the secondary forces 
more flux into the shunts until at current /,c (Fig. 13-15) 
output voltage is zero. This same principle is used to limit 
current in high-impedance tube circuits. 

13*4 ANODE TRANSFORMERS 

Anode transformers may be classified as to type of rectifier 
and number of phases. Half-wave rectifiers carry unbal- 
anced direct current, thus necessitating less alternating flux 
density, and hence larger transformers, than for full-wave 
rectifiers. A single-phase full-wave rectifier with two anodes 
has balanced direct current in the secondary, but because 
of the high secondary volt-amperes the transformer is larger 
for a given primary volt-ampere rating than a filament 
transformer normally would be. Bridge (four-anode) recti- 
fiers have equal primary and secondary volt-amperes, as 
well as balanced direct current, and anode transformers for 
these rectifiers are smaller than for other types. Table 15-1 
gives the volt-ampere ratings.^ 

Anode and filament windings are combined in small units 
for receivers, low-power transmitters, or bias supplies. 


13*6 INDUCTORS 

Inductors are used mainly to smooth out ripple voltage in 
d-c supplies, and therefore usually have air gaps in the cores 



Fio. 13*16 Windings and core-flux paths in a saturable reactor. (From 
Electronic Transformers and Circuits by Beubon I^ee.) 


to prevent d-c saturation. The length of air gap, the size of 
the core, and the number of turns depend upon three inter- 
related factors: (1) inductance desired; (2) direct current in 
the winding; and (3) alternating volts across the wnding. 


Chapter 13 

Inductors in inductor-input filters of single-phase rectifiers 
are subject to the highest alternating voltage for a given 
unidirectional voltage. The inductance of this type of 
inductor influences: 

1. Magnitude of ripple in the rectified output. 

2. No-load to full-load regulation. 

3. Transient voltage dip when load is suddenly applied, 
as in keyed loads. 

4. Transient current through rectifier tubes when voltage 
is first applied to rectifier. 

5. Peak current through tubes during each cycle. 

It is therefore important that the inductance be right. 
Several of these properties can be improved by the use of 



Fig. 13*17 Typical Raturation curves for saturable reactor. (From 
Electronic Transformers and Circuits by Ileul)en Lt^e.) 

swinging or tuned inductors. A swinging reactor is satu- 
rated at full load; therefore its inductance is lower at full 
load than at no load. The higher inductance at no load 
helps to decrease voltage regulation. I'he same result is 
obtained by shunt-tuning the inductor, but the inductance 
should be constant from no load to full load to preserve the 
tuned condition. 

Insulation of an inductor differs with the type of rectifier 
and the way it is used in the circuit. Three-phase rectifiers, 
with low inherent ripple voltage, do not require as much 
insulation between turns and layers as single-phase rectifiers 
do. The size of an inductor for a given voltage and ratio of 
resistance to inductance is proportional to the energy con- 
tent, or LP, Figure 13-12 shows the relation of size per 
unit volume to d-c magnetizing force for small a-c flux.®*’ 

If the function of the inductor is to control a-c circuits by 
means of large inductance changes, no air gap is used. An 
arrangement similar to that in Fig. 13-16 is often used to 
keep alternating voltages out of the d-c control circuits. 
Usually the alternating flux density changes widely with 
inductance changes. Figure 13 ‘17 shows typical operating 
data for such inductors with cores made from silicon steel.* 

In filter circuits another type of inductor is used. Air 
gaps are employed to increase the ratio of magnetizing cur- 
rent to loss current; thus Q or the ratio taL/R is increased. 
For minimum loss, or maximum Q, there is an optimum 
length of air gap. 
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13-6 AUDIO-AMPLIFIER TRANSFORMERS 

In audio work, the ratio of two voltages, Ei and E 2 , is 
usually stated in decibels (db) according to the definition 

db = 201og,o-^ (13-2) 

E2 


Rs combines with Zi, to form R 2 for a resistance load. At 
low audio frequencies both source and load are practically 
pure resistance, and the circuit shown in Fig. 13 • 19 (6) is 
the result. Here has been dropped; in other words, a 
transformer with a one-to-one ratio referred to the primary 
side is shown. the primary no-load reactance, or 


Amplifier-voltage gain, transformer ratio, frequency re- 
sponse, and noise levels all may be expressed in decibels. If 
volume or voltage or power is given in decibels, it must 
be compared with a reference level; otherwise the term is 
meaningless. 

Transmission lines at audio and higher frequencies have 
properties commonly ignored at 60 cycles. Su(;h entities as 
line wavelength, characteristic impedance, and attenuation 
are important at audio frequencies. Of particular impor- 
tance is impedance matching. If a transmission line has no 
attenuation its characteristic impedance is 

(13. 3) 

If such a line terminates in a pure resistance load equal in 
ohmic value to Zq, all the power fed into the line appears in 
the load without attenuation or reflection. This process is 
called “matching” the impedance of the line. The notion 
has been extended to include the loading of vacuum tubes, 
but tliis is stretching the meaning of the term matching. 

The major problem of audio-transformer design is obtain- 
ing gocxl frequency response, or constant voltage ratio over 
the required audio-frequency range, when the transformer 
is operated with the audio apparatus for which it is intended. 
Several factors outside the transformer affect its perform- 
ance:® 

1. Impedance of the source of audio power. 

2. Linearity of this impedance. 

3. Impedance of the load fed by the transformer. 

4. Audio frequencies involved. 

In Fig. 13*18 the transformer that connects the audio 
source to its load may be represented by the diagram in 
Fig. 13 *19 (a). 


AMPLIFIER 

TUBE TRANSFORMER 



Fig. 13 • 18 Transformer-coupled amplifier. 


13-7 LOW-FREQUENCY RESPONSE 

At the low-frequency end of the audio range, leakage 
reactance is negligible. Resistance Rp may then be com- 
bined with Zg to form Ri for a pure-resistance source, and 





(d) 


SYMBOLS 

0 • RATIO OF SEC. TO PRI. TURNS 
Cp* PRI. WINDING CAPACITANCE 
Cs* SEC. WINDING CAPACITANCE 
Cj* Cp + 0 ^ Cg 

f • ANY AUDIO FREQUENCY 
fr« RESONANCE FREQ. OF a Xq 
R^>PRI. WINDING RESISTANCE 
Rg« SEC. WINDING RESISTANCE 



(e) 


Rn*PRI.N0 load (CORE LOSS) 
EQUIVALENT RESISTANCE 

X^*PRI.0PEN CIRCUIT REACTANCE 
Xp* PRI. LEAKAGE REACTANCE 
Xg- SEC. LEAKAGE REACTANCE 
Xl-Xp + X,/0* 

Xo- TOTAL CAPACITY REACTANCE 

• enTcr 

Zg* SOURCE IMPEDANCE 
Z 4 .-LOAD IMPEDANCE 


Fig. 13-19 (a) Tranisformer equivalent circuit. (6) Low-frequency 

equivalent circuit, (c) Simplified low-frcqucncy circuit, (d) High- 
frequency equivalent circuit, (e) Simplified high-frequency circuit 
(ReprinU^d with pcrmi8sion from R. Lee, Hatiio En^,y June 1937.) 


27r/ times the primary open-circuit inductance {OCL) as 
measured at low frequencies. 

If shunt resistance R^ is included in the load resistance 
R 2 , the circuit becomes like that in Fig. 13 19 (c). Winding 
resistances are small (compared with source and load resist- 
ances in well-designed transfoiTnci*s. Likewise, 72 at is high 
compared with load resistance, especially if core material of 
good quality is used. 

In Fig. 13 *19 (c), 7?i represents the source impedance and 
7?2 the load impedance approximately. I'hrec cases that 
deserve particular attention are: (a) Rz = Ri) {h) R 2 = 272i; 
and (c) R 2 — CO, 

Of these, (a) corresponds to the usual line-matching trans- 
former with source and load impedances equal; (6) is often 
recommended for maximum undistorted output of triodes; 
(c) is realized practically when the load is the grid circuit of 
a class A amplifier. For these cases, low-fre<iuency response 
is plotted in Fig. 13*20 as “db down” from median. The 
median frequency is the geometric mean of the audio range, 
at which Xn/R\ is large; this is true because of the high 
OCL of a good transformer. The equivalent voltage ratio 
E 2 /E\ has maxima of 0.5, 0.667, and 1.0 for cases (a), (6), 
and (c) respectively at the median frequency, or for 
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Xs/R\ = «> in Fig. 13*20. Figure 13 *20 is of direct use in 
determining the proper value of primary OCL. Permissible 
response deviation at the lowest audio frequency fixes Xn/Ri 
from the curve which applies. This, combined with the 
source impedance, determines Xs^ At the corresponding 
frequency, Xn represents a certain value of primary OCL. 
This inductance determines the size and weight of the trans- 
former, so the importance of Fig. 13*20 is evident. 

As frequency increases, the primary inductive reactance 
also increases until it has almost no effect on frequency 
response. This is true for median frequency in Fig. 13*20. 
It is also true for higher frequencies; in other words, the 



Fig. 13*20 Transformer characteristics at low frequencies. (From 
Electronic Transformers and Circuits by Reuben Lee.) 

primary inductance has an influence only on the low- 
frequency end of the frequency-characteristic curve. A well- 
designed transformer has a uniform voltage ratio for a fre- 
quency range extending from the frequency at which Xj^ 
eeases to exert any appreciable influence upward to a zone 
designated as the high-frequency end of the transformer 
frequency range. 

13-8 HIGH-FREQUENCY CHARACTERISTICS 

The factors that influence high-frequency response are 
leakage inductance, winding capacitance, source impedance, 
and load impedance. Hence a new equivalent diagram, 
Fig. 13*19 (d), is necessary for the high-frequency end. 
Winding resistances are omitted or combined as in Fig. 
13 * 19 (6). Winding capacitances are shown across the 
windings. If primary and secondary leakage inductances 
and capacitances are combined and is omitted as if 
it were infinitely large, and is dropped as before, the 
circuit becomes that shown in Fig. 13 • 19 (e). Xl is the leak- 
age reactance of both windings, Xc is the capacitive react- 
ance of both windings, and R 2 is the load resistance, all re- 
ferred to the primary side at a one-to-one ratio. Xl equals 
Xc at resonance frequency /r. 

Assign to the ratio Xc/Ri a value B at frequency /r. Then 


at any frequency /, Xc/Ri * Bfr/f. The three cases con- 
sidered for low frequencies are plotted in Figs. 13*21, 13*22, 
and 13 * 23 with B as parameter. If Xc/Ri has certain values 



Fig. 13*21 Transformer characteristics at high frequencies (line 
matching). (From Electronic Transfomiers and Circuits by Reuben Lee.) 


at frequency fr, the audio-frequency characteristic is rela- 
tively flat up to frequencies approaching /r. In particular, 
performance is good at B = 1.0 in all three figures. 

In regarding leakage inductance and winding capacitance 
as ‘‘lumped^^ quantities, current distribution in the windings 
is assumed to be uniform throughout the range of frequencies 



Fig. 13*22 Transformer characteristics at high frequencies (triode 
output). (Reprinted with permission from R. Lee, Radio Eng,^ Juno 

1937.) 


considered. This assumption is valid up to the resonance 
frequency fr. At frequencies higher than fr the error in 
Figs. 13*21, 13*22, and 13*23 may be large. But good audio 
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characteristics lie mainly below the frequency fr, where the 
curves are correct within the assumed limits. The value of 
fr should be such that the highest audio frequency to be 



Fig. 13 '23 Transformer characteristics at high frequencies (class A 
grid). (From Elecironic Traiisfornuim atul Circuits by lleulxm Ixh;.) 


covered lies on the flat part of the curve. Xc and fr deter- 
mine the values of ivinding capacitance and leakage induct- 
ance wliich must not be exceeded. 

13-9 HARMONIC DISTORTION 

Audio response may be good according to the curves of 
Sections 13-7 and 13-8, but at the same time the output 
may be badly distorted because of changes in load imped- 
ance. * This possibility is discussed below for the case in 
which the load impedance is twice the source impedance. 



Fig. 13*24 Variation of load impedance with transformer character- 
istics at low .frequencies. (Reprinted with permission from R. Lee, 
Radio Eng., June 1937.) 


Consider the load impedance to be equal to twice the source 
impedance, as distinct from the impedance of the entire 
tcircuit. The load impedance to the right of the dotted line 

'♦.Section 13*9 is largely based on the author's “Distortion in High-* 
Fidelity Audio Amplifiers!,” Radio Eng., June 1937. 
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of Figs. 13*19 (c) and 13*19 (e) is plotted in Figs. 13*24 and 
13*25. 

Figure 13 *24 shows the change in load Z from its median- 
frequency value R 2 as frequency is lowered. Abscissas are 
necessarily Xn/R 2 instead of Xk/Ri as in Fig. 13*20. Fig- 
ure 13*25 shows the change in load impedance for several 
values of Z) = XdR^. Impedance evidently varies widely 
from its median-frequency value, especially at lower values 
of D. 

From Figs. 13*24 and 13*25, it is possible to compare the 
change in impedance with the previous frequency charac- 
teristics. Figure 13*20 shows that if the transformer charac- 
teristic is allowed to fall off 1.0 decibel at the lowest fre- 
quency, the corresponding X^/Rx is 1.3. This means that 
^nIR ‘2 is 0.65. The corresponding load impedance in Fig. 
13*24 is only 0.55 of its median-frequency value. Likewise, 
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Fig. 13-25 Variation of load impedance with transformer character- 
istics at high frequencies. (Reprinted with permission from R. Lee, 
Radio Eng., June 1937.) 

for a 0.5-decibel drop of the frequency characteristic, the 
load impedance falls to 0.7 of R 2 ] whereas, for a load imped- 
ance of 0.97^2, the frequency characteristic can fall off only 
0.1 decibel. It is evident that load impedance can vary 
widely, even with comparatively flat frequency charac- 
teristics. 

At high audio frequencies the divergences are still greater. 
Suppose, for example, that a transformer has been designed 
so that Xc/Ri is 1-0 at fr (that is, H = 1.0 in Fig. 13*22). 
Suppose further that the highest audio frequency at which 
the transformer operates is 0.75/r. The transformer then has 
a relatively flat characteristic, with a slight rise near its 
upper limit of frequency. In Fig. 13*25 the curve corre- 
sponding to 7? = 1.0 is marked D = 0.5, for which at 0.75/r 
the load impedance has dropped to 32 percent of an 
extremely poor match for the tube. For this reason, the 
distortion is large over a wide frequency range. It would be 
much better if B equaled 2.0 instead of 1.0, for the change in 
impedance is much less. Transformers with B = 2.0 have 
lower effective capacitance, but the leakage inductance may 
be proportionately greater than for transformers having 
B = 1.0. 

Non-linearity of magnetizing current in the transformer 
produces distortion because the third harmonic in the mag- 
netizing current is large if Xn/R 2 is small.^' 
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13*10 PUSH-PULL AMPLIFIERS: ANODE-CURRENT 
RISE 


The analysis of single-side class A amplifiers in Section 
13-9 applies to class A pusli-pull amplifiers, except that the 



Fio. 13-26 Rise in anode current due to transformer imiRMlanec 
change at low frequencies. (From Electronic Transformers and Circuits 
by Roubi'n Ix'c.) 


second-harmonic components in the amplifier output are 
due to unlike tubes, rather than to low-impedance distortion. 

The internal tube resistance of a class B amplifier varies 
so much with the amount of signal voltage on the grids, 
power output, and anode voltage, that it is virtually impos- 



Fiq. 13*27 Rise in anode current due to transformer impedance 
change at high frequencies. (From Electronic Transformers and Circuits 
by Reuben Lee.) 

sible to draw curves similar to Fig. 13-22 for class Br opera- 
tion. One basis for designing class B transformers is to make 
sure that the load impedance, as determined from Figs. 13*24 


and 13-25, does not fall below a given percentage of the load 
resistance R 2 - This is discussed further in Section 13-13, 
as well as in Chapter 16. 

Usually the decline in response is greater for class B ampli- 
fiers than for class A amplifiers, because the effect of tube 
resistance is greater. As an extreme, anode resistance may 
be so great that the current to the load cannot increase as 
load impedance decreases. Hence the characteristic curve 
falls off proportionately \vith the load impedance indicated 
in Figs. 13 • 24 and 13 - 25. 

In a lightly loaded amplifier the frequency characteristic 
stays flat at higher frequencies, but anode current rises in 
proportion as it does so. If anode current can rise enough 
to maintain a constant output voltage, anode-current rise 
for the low- and high-frequency ranges are shown in Figs. 
13*26 and 13*27. Many satisfactory audio amplifiers have 
anode currents which would be excessive if high or low notes 
were amplified continuously. They are not damaged because 
these tones are of short duration. 


13-11 CALCULATION OF INDUCTANCE AND 
CAPACITANCE 

At low frequencies the performancje of a transformer- 
coupled amplifier depends upon open-circuit inductance of 
the transformer OCL, and at high frequencies upon the leak- 



HOTE: construction SHOWN IS FOR SHELL TYPE 
TRANSFORMER WITH Z HIPERSIL CORES. 

Fia. 13*28 Transformer coil sectionalizing. (From Electronic Trans- 
formers and Circuits by Reuben Lee.) 


age inductance and winding capacitances. OCL can be com- 
puted from the formula (see Fig. 13*28 for dimensions): 

3.2N^Ac 

OCL — henrys (13-4) 

where N = turns in winding 

Ac = core area in square inches 
Ig — total length of air gap in inches 
Ic = core length in inches 

H = permeability of core (if there is unbalanced direct 
current in the winding, this is the incremental 
permeability). 


For windings of the concentric shell or core type, the total 
leakage inductance referred to any winding is 


L 


\QAN%2nc + a) 


(13*6) 


n*6 X 10* 
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where N = turns in that winding 

I = mean length of turn for whole coil 
a = window opening height 
h = winding width 
c = insulation space 

n = number of insulation spaces (number of primary- 
secondary interleavings). 

Winding capacitance is not expressible in terms of a single 
formula. Effective winding capacitance is almost never 
measurable, because it depends upon the voltages at the 
various points of the winding. The major components of 
capacitance are from turn to turn, layer to layer, winding to 
winding, and windings to core. Also important are stray 
capacitance (including terminals, leads, and case), external 
capacitors, and vacuum-tube electrode capacitance. Layer- 
to-layer capacitance may be the major portion in high- 
voltage single-section windings, where thick winding insula- 
tion keeps the winding-to-winding and winding-to-core com- 
ponents small. 

If a capacitance C with Ei volts across it is to be referred 
to some other voltage ii 2 , the effective value at reference 
voltage E 2 is 

Ce = c|^ (13-0) 

By use of equation 13-6 all capacitances in the transformer 
may be referred to the primary or secondary winding; the 
sum of these capacitances is the transformer capacitance 
used in various formulas and curves of the preceding sections. 

In any clement of the winding across which the voltage is 
substantially uniform throughout, the capacitance is 

0.225Ac 

C = — micromicrofarads (13-7) 

t 

where A = area of winding element in square inches 

€ = dielectric! constant of insulation under winding 
t = thickness in inches of insulation under winding. 


® ^WINDING 

CORE 


Fig. 13-29 Transformer winding with uniform voltage distribution. 
(From Electronic Tramfomiers and Circuits by Reuben Lee.) 


If the winding element has uniformly varying voltage across 
it, as in Fig. 13 • 29, the effective capacitance is 


C, 


+ £2“ + E1E2) 

ZEF 


(13-8) 


If El is zero and E 2 ■■ E, equation 13*8 becomes 

C. = - (13-9) 

3 

or the capacitance, say, to ground of a single-layer winding 
with its low-voltage end grounded is one third of the meas- 
ured capacitance of the winding to ground. 

Because effective capacitance is greatest at high voltages 
the capacitance in step-down transformers is mainly across 
the primary winding; in step-up transformers it is across the 
secondary winding. 

13-12 PENTODE AMPLIFIERS 

Pentodes are essentially constant-current devices. Load 
impedance is thus an indication of the output voltage, at 



Fig. 13-30 Pentode frequency response with pi-filter output circuit. 
(From Electronic Transformers and Circuits by Reuben Lee.) 


least for low frequencies. Response of low-frequency trans- 
former-coupled pentode amplifiers can be taken from Fig. 
13*24. 

At high frequencies, leakage inductance of the transformer 
intervenes between the pentode and its load, so primary 
voltage and secondary or load voltage are not identical. In 
Fig. 13 *30 the change of output voltage for a constant grid 
voltage at high frequencies is shown. In this figure the 
equivalent circuit is a pi-filter, which is more accurate for 
pentode transformers than the circuit of Fig. 13*19 (e). 
This is true because the load of a pentode is low in ohmic 
value compared to the tube resistance, and step-up trans- 
formers are not needed. Harmonic content of pentodes is 
high, especially in single-side amplifiers, and undue decrease 
of load impedance is undesirable. 

13- 13 MODULATION AND DRIVER TRANSFORMERS 


where C = capacitance of winding element as found by 
equation 13*7 

El = minimum voltage across C 
J ?2 *= maximum voltage across C 
E = reference voltage for C®. 


In anode-modulated power amplifiers the audio power 
required to produce 100 percent modulation is one-half the 
power-amplifier input. Increased quality and reduction in 
size of components are achieved through the use of what may 
be called the pi-filter method. 
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X|.« REACTANCE OF MODULATION INDUCTOR 
Xc« REACTANCE OF COUPLING CAPACITOR 
R • P.A, INPUT RESISTANCE • — 

NOTE: BYPASS ON E^ ASSUMEO INFINITELY LARGE 

db) 

Fia. 13 -31 (a) Circuit diagram of anode modulation system, (h) 

Equivalent pi-filter modulator tube load. (From Electronic Trans- 
formers and Circuits by Reuben Lee.) 


For low audio frequencies, this method may be illustrated 
by means of the circuit diagram of Fig. 13 ‘31 (a). The 
(usually class B) output-transformer open-circuit inductance, 
coupling capacitor, and modulation inductor combine to 
form a pi-section high-pass filter. Fig. 13-31 (6). The ele- 
ments are proportioned for a characteristic impedance equal 
to the equivalent input resistance Eb/Ib of the modulated 
power amplifier. 

Formerly these parts were made as large as was considered 
practical. Transformer-secondary and inductor reactances 
were each three or four times as large as the power-amplifier 
anode-input resistance, and coupling-capacitor reactance was 
a fraction of this resistance, at the lowest audio fi’equency. 
Advantages of the pi-filter are a reduction of the two induc- 
tive reactances to 1.41 the terminating load resistance, and 
increase in capacitive reactance to the same value, at a low 
audio frequency /i. 

Down to /i the filter maintains a tube load of almost 
100 percent power factor, although the ohmic value rises to 
190 percent of the terminating load resistance at /i. The 
voltage required for constant output rises to 138 percent of 
normal. Partly compensating for this rise is the tendency of 
class B amplifier tubes to deliver higher voltages with higher 
tube-load impedances. Thus in a certain transmitter, the 
type 805 modulator tubes deliver 1035 peak volts per side 
into a normal tube load of 1860 ohms. At 30 cycles, the 
lowest audio frequency, load impedance rises to 3600 ohms, 
and the voltage required for full output is 1440. Plotting a 
3600-ohm-load line on the tube curves shows that 1275 volts 
is delivered at 30 cycles, which is 1 decibel down from normal. 
To obtain the same frequency response with the older ^‘brute 
force^' method, at least twice the values of transformer and 
choke inductance and much more coupling capacitance would 
have been necessary. 


t,Xo*l72%AT f, 
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These points are made clearer by Fig. 13-32 which shows 
how phase angle and phase shift, as well as load impedance, 
vary with frequency. 

No matter what method of design is used, it is important 
that the modulator be loaded properly. If power-amplifier 


LEAKAGE 

INDUCTANCE 



C|> PRIMARY CAPACITANCE, INCLUDING 
TUBE AND WIRING CAPACITANCE. 

C2> SECONDARY CAPACITANCE, INCLUDING 
BY'PASS AND LOAD CAPACITANCE. 

Fig. 13-33 Equivalent transformer diaKram at high audio frequencies. 
(From Electronic Tramformers and Circuits by Reuben Lee.) 

input should be interrupted while the modulator i.s fully 
excited, voltages on the various elements are likely to rise to 
dangerous values. 

The pi-filter method of design can be applied also at the 
higher audio frequencies. Figure 13-33 shows how the 
usual winding capacitance and leakage inductance are 
arranged as a low-pass filter. Sometimes external L and C 
arc added at the transformer terminals to produce the re- 
quired proportions. In this way load impedance (;an be held 
constant and at low phase angle over a wide frecpiency range. 



<fB 

Fig. 13-34 Cathode-follower driver circuit. (Reprinted with i)erinis- 
sion from R. Lee, Proc. LR.E,, April 1945.) 

Requirements for class B modulator driver transformers 
are difficult to satisfy. Transformer load is non-linear, 
because grid current is far from sinusoidal. The driver tube 
must deliver these instantaneous peaks, although the average 


load is low; otherwise distortion appears in the modulator 
audio output and in the radio-frequency envelope. The grid 
current peaks are the equivalent of harmonic currents of 
higher order, and to insure their appearance in the modula- 
tor grid current requires an extension of the driver-trans- 
former frequency range at both ends: on the high-frequency 
end because of the decreased leakage inductance necessary 
to allow the larger currents, and on the low-frequency end 
to prevent transformer magnetizing current from loading 
the driver tube so that it does not deliver peak grid power. 

These conditions require transformers of exceptionally 
large size, so it is an advantage to dispense with driver trans^ 
formers entirely. This is accomplished by the cathode- 
follower circuit. Fig. 13-34, which for a push-pull amplifier 
takes the form of a symmetrical pi-filter. The two audio- 
input inductors connect the driver-tube cathodes to ground, 
and carry their anode current. Coupling capacitors connect 
these inductors to the modulator-tube grid inductors, which 
carry modulator grid current. Sizes of inductors and cou- 
pling capacitors are chosen to give approximately constant 
impedance from the lowest audio frequency to the higher 
harmonics of the highest audio frequency. 

The cathode-follower circuit is advantageous in another 
way. Leakage inductance in a driver transformer causes 
high-audio-frequency phase shift between driver and grid 
voltage. There is no such phase shift in the coupling-capaci- 
tor circuit. Since inverse feedback is often applied to audio 
amplifiers to reduce distortion the absence of phase shift is a 
great advantage. 

13-14 SHIELDING 

Gain of 80 to 100 decibels is often produced in high-gain 
amplifiers. In these amplifiers it is important that only the 
signal be amplified. Small amounts of extraneous voltage 
at the amplifier input may spoil the quality or even make 
unintelligible the received signal. One source of extraneous 
voltage or “hum^^ is in stray magnetic fields from power 
transformers in or near the amplifier. The stray fields enter 
the magnetic cores of input transformers and induce small 
voltages in the windings, which may be amplified to objec- 
tionably high values by the amplifier. 

Several devices are used to reduce this hum pick-up: 

1. The input transformer is located away from the power 
transformer. 

2. The coil is oriented for minimum pick-up. 

3. Magnetic shielding is employed. 

4. Core-type construction is used. 

The first expedient is limited by the space available for the 
amplifier, but since the field varies as the inverse cube of the 
distance from the source it is obviously helpful to locate the 
input transformer as far away from the power transformer 
as possible. 

The second method is to shift the coil so that its axis is 
perpendicular to the field. It requires extra care in testing. 
Magnetic shielding is the ‘‘brute force^' method of keeping 
out stray fields; core-type construction is effective and docs 
not materially increase size. Of course, any of these methods 
increases manufacturing difficulties to a certain extent. 
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Magnetic shielding is ordinarily accomplished by a thick 
wall of ferrous metal or a series of thin, nesting boxes of high- 
permeability material encasing the windings and core of the 
input transformer. Neither type of shield is applied to the 
power transformer, because the flux lines originate at the 
power transformer and fan out in all directions from it. 
Much of the flux would strike the shield at right angles and 
pass through it. But the stray field near the input trans- 
former is relatively uniform, and very few flux lines strike 
the shield at right angles. Thus more flux is by-passed by it. 



Fig. 13-35 Refraction of magnetic field by iron shield. (Fmm Elec- 
tronic Transformers and Circuits by Reuben Lee.) 

The action of a thick shield in keeping stray flux out of its 
interior is roughly illustrated in Fig. 13- 35.^**^^ 

Multiple shields increase the action just mentioned, be- 
cause eddy currents induced in the shields set up fluxes oppos- 
ing the stray field. Sometimes alternate layers of copper 
and magnetic material are used for this purpose, when lium 
pick-up 50 or 60 decibels below the no-shield value is desired. 

In core-type transformers the flux normally is in opposite 
directions in the two core legs, as shown in Fig. 13 *36. A 
uniform external field, however, travels in the same direction 
in both legs, and induced voltages caused by it cancel each 
other in the two coils. 

The relative effectiveness of these methods is shown in 
Fig. 13-37. The hum pick-up is given in decibels with zero 
decibel = 1.7 volts across 500 ohms. All curves are for 
500-ohm windings working into their proper impedances, 
and with no orientation for minimiz- 
ing hum. Using impedances much less 
than 500 ohms reduces the hum picked 
up. Orientation of coil position also 
reduces hum. For all types of units, 
there is a position of minimum hum. 
With the unshielded shell type the 
angle between the transformer coil and 
the field is almost 90 degrees and is 
extremely critical. With shielding, 
this angle is less critical, but the mini- 
mum amount of hum picked up te not 
noticeably reduced in this position. 
The core type is still less critical, 
especially with a shield. The minimum amount of hum 
picked up is from 10 to 20 decibels less than the shielded 
shell ty}>e in its minimum position. 

Static shielding does not prevent normal voltage on a 
primary winding from being transferred inductivel 3 i;r into a 
secondary winding. It is effective only against voltage trans- 
fer by capacitance between windings. High-frequency cur- 
rents from vacuum-tube circuits are thus prevented from 


flowing back into the power circuits via filament and anode 
transformers. Without shielding, such currents may inter- 
fere with operation of receivers near-by. Likewise, voltages- 
to-ground on telephone lines are kept from interfering with 
normal voice-frequency voltages between lines. The extent 

DISTANCE FROM HUM SOURCE-INCHES 



Fio. 13-37 Hum pirk-up in input transformer. (From Electronic 
Transformers and Circuits by Reuben Lee.) 


of static shielding depends upon the amount of discrimina- 
tion required. Usually a simple, thin, grounded layer of 
metal between windings is sufficient, with ends insulated to 
prevent a short circuit. 

13-16 AUDIO-OSCILLATOR TRANSFORMERS 

Transformer-coupled audio oscillators have circuits similar 
to that of Fig. 13-38. Transformer OCL and capacitor C\ 
form a tank circuit, to which arc coupled sufficient turns to 
drive the grid in the lower left-hand winding. The output 
circuit is coupled by a separate winding. For good wave 
shape in such an oscillator, triodes and class B operation are 
preferable. The ratio of turns between anode and grid cir- 
cuits is determined by the voltage required for class B opera- 
tion of the tube as if it were driven by a separate stage. 
Single tubes may be used, because the tank circuit main- 
tains the sinusoidal wave shape over the half cycle during 
which the tube is not operating. Grid bias is obtained from 
the fiC 2 circuit connected to the grid. 

In such an oscillator, tube load equals transformer loss 
plus grid load plus output. In small oscillators, transformer 
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Fio. 13 • 36 Flux direc- 
tions in a core-type 
transformer. (From 
Electronic Transformers 
and Circuits by Reuben 
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loss may be an appreciable part of the total output. This 
loss consists of core, gap, and copper losses. Copper loss is 
large because of the relatively large tank current, and the 
wire size in the anode winding is larger than would be nor- 
mally used for an ordinary amplifier. The gap is necessary 
to keep the inductance down to a value determined by the 
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FiO. 13*38 Transformer-coupled audio oscillator. (From Electronic 
Transformers arid Circuits by Reulxm Lee.) 


tank-circuit Q or volt-amperes. This value in turn is dic- 
tated by the required harmonic content, as mentioned in 
Chapter 12 for other types of tank circuits. 

Class C audio oscillators are not often used for low- 
harmonic applications because of the difficulty of designing 
tank circuits with sufficiently high Q. Where large harmonic 
values can be tolerated, the transformer can be designed for 
low Q, but the wave form becomes non-sinusoidal. During 
the half cycle when the tube is operating, the wave has a 
roughly rectangular shape, and during the rest of the cycle 
it peaks sharply to a high amplitude in the opposite direction. 
Frequency of oscillation varies with changes in load; hence 
low-Q class C oscillators are to be avoided if good frequency 
stability is required. 


13-16 POWER-LINE CARRIER TRANSFORMERS 

In the carrier-frequency band of from 50 to 150 kilocycles, 
the same principles are involved as those discussed in pre- 
ceding sections for audio transfonners. ''Fhe ratio of high 
to low frequencies is less, but at 50 kilocycles the curves for 
low-frequency operation apply, and they determine amplifier 
performance just as they do for 30-cycle audio operation. 
Likewise at 150 kilocycles the limiting factors of leakage 
inductance and winding capacitance must not interfere with 
proper operation. 

In carrier-frequency transmitters, transformers are nor- 
mally used for coupling between stages and for coupling the 
output stage to the line. They sometimes transform a large 
amount of carrier power. Spaced windings, used to reduce 
capacitance, usually have few turns, so that the transformer 
loss is mostly core loss. Two-mil Hipersil can be used advan- 
tageously in such transformers, because of its low losses and 
high permeability. In transmitter operation, class AB or 
class B amplifiers are commonly used, with or without modu- 
lation, which may be as high as 100 percent. In the receiver, 
input and interstage transformers are used for voltage gain 
or isolation purposes, and output transformers as described 


in Chapter 16. Transformers are used for line matching, 
especially where overhead lines are connected to under- 
ground cables. Line impedance changes abruptly, and trans- 
formers may be necessary for effective power transfer. Some 
of the transformers in Fig. 13-5 operate in the carrier band. 

Transformers are used up to 500 kilocycles or higher. 
Capacitance limits the upper frequency at which trans- 
formers may be operated. In a tuned-circuit amplifier the 
tuning includes the incidental and tube capacitance as well 
as the tank-circuit capacitance. A transformer has no tun- 
ing to compensate for such capacitances. 

13-17 AIR-CORE TRANSFORMERS 

Some transformers widely used in radio-frequency circuits 
have no cores; others use small plugs of powdered iron. The 
main difference between such transformers and those with 
iron cores is that the iron core reduces exciting current re- 
quired for inducing the secondary voltage to a small percent- 
age of the load component of current. Air-core transformers 
are usually tuned to overcome the self-inductances of their 
respective windings.^^ 

This type of transformer is seldom employed at frequencies 
below 50 kilocycles. If the wire is larger than 0.005 inch in 
diameter, it is usually subdivided into several strands in the 
type of cable known as Liizendrahty to reduce losses and 
thereby increase Q. Both the self-inductance and the mutual 
inductance of a coil can be increased by inserting a plug of 
powdered iron inside the coil tube. Such a coil is shown in 
Fig. 13*39, with the powdered-iron plug screened from view 
by the coil form. At the left end is shown the screw and 
lock by which inductance can be adjusted and maintained 
at a given value. 

Powdered iron is available in several grades, from ordinary 
powdered iron to powdered nickel-alloy. The particles are 



Fig. 13-39 Coil with variable powdercd-iron-core plug. (From F/er- 
tronir Transformers and Circuits by Iteubc*n Loo.) 


coated with insulating compound which separates them and 
reduces the permeability of the core to values ranging from 
2 to 80, depending upon the grade of iron and the frequency. 


13-18 VIDEO AND PULSE TRANSFORMERS 

Square waves or pulses are used in the television and allied 
techniques to produce sharp definition of images or signals. 
A square or flat-topped pulse may be impressed upon the 
transformer by some source such as a vacuum tube, a trans- 
mission line, or even a switch and battery. Such a pulse is 
shown in Fig. 13*40, and a generalized circuit for the ampli- 
fier is shown in Fig. 13*41. As far as the transformer is con- 
cerned, the equivalent circuit for such an amplifier is given 
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in Fig. 13 *42. At least this is the circuit that applies to the 
front edge (a) of the pulse shown in Fig. 13-40 as rising 
abruptly from zero to some steady value E. This change is 
sudden, so that the transformer OCL can be considered as 
having infinite impedance to such a change, and is omitted 
in Fig. 13*42. Transformer leakage inductance, though, has 



Fia. 13-40 Flat -topped pulse. (Reprinted with permission from 
R. Lee, Electrmics, Aug. 1943.) 

an appreciable influence and is shown as inductance L in 
Fig. 13*42. Resistor Ri of Fig. 13-42 represents source 
impedance; transformer \vinding resistances are generally 
negligible compared to the source impedance. Winding 
capacitances are shown as Cy and C 2 for the primary and 
secondary wndings, respectively. The transformer load 
resistance, or the load resistance into which the amplifier 
works, is shown as /i 2 - All are referred to the same side of 



Fio. 13*41 Transfonner coupling. (ReprintM with permission from 
K. Lee, Electronics, Aug. 1943.) 

the transformer. Since there are two capacitance terms, 
Cl and C 2 , one or the other of these becomes predominant 
for any deviation of the transformer-turns ratio from unity. 
Turns ratio, and therefore voltage ratio, affect these capaci- 
tances, as discussed in Section 13-11.^^ 

The step-up transformer is illustrated by Fig. 13 *43. If 
the front of the wave (Fig. 13-40) is suddenly impressed on 
the transformer, it is simulated by the closing of switch S. 



Fig. 13-42 Equivalent circuit. (Reprinted with permission from 
H. Lee, Electronics, Aug. 1943.) 

At this initial instant, voltage e across R 2 is zero, and the 
current from battery E is also zero. Voltage e rises from its 
initial value of zero to its final steady value, i? 2 ). 

Figure 13-44 shows the rate of rise of the transformed wave 
pulse for an amplifier with Ri negligibly small. If the value 


E for the top of the pulse is multiplied by the ratio 
R 2 /{R>\ + ^ 2 ), the cuiwes are reasonably accumte. 

The scale of abscissas for these curves is not time, but 
percentage of the time constant T of the transformer. The 
equation for this time constant is given with the curves, and 
it is a function of leakage inductance and of capacitance C 2 . 



Fig. 13-43 Circuit for »tc|)-up transformer. (From Electronic Tram- 
Jonners arul Circuits by Reulxm L<h\) 

Rate of voltage rise is governed to a marked extent by 
another factor k, which is the ratio of the decrement to the 
angular frequency for an oscillatory circuit, but retains the 
same form even if the circuit is not os(!illatory. The relation 
of this factor k and the various constants of the transformer 
is given directly in Fig. 13 *44. The greater the transformer 
leakage inductance and distributed capacitance, the slower 
the rate of rise is, although the effect of Rx and R 2 is im- 
portant, for they affect fc. Voltage overshoot above the 



Fig. 13*44 Influence of transformer constants on front edge of pulse. 
(Reprinted with permission from R. Ijcc, Electronics, Aug. 1943.) 


steady value E is given in Fig. 13-45 for oscillatory trans- 
formers. The time required to reach 95 percent of E is shown 
by Fig. 13-46. 

Once the pulse top is reached, E is dependent upon the 
transformer OCL for its maintenance at this value. There 
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is always a droop at the top of such a pulse. The equivalent 
circuit during this time is shown in Fig. 13*47. Here L is 
the OCL of the transfomner, and and R 2 remain the same 

e 



Fig. 13*4.5 Pulso-transformcr overshoot voltage. (From Elerironie 
TransfortnerH and Circuits by lleulx.*n Lee.) 

as before. Since the rate of voltage change is relatively 
small during this period, capacitances Ci and C 2 disappear. 
Also, since leakage inductance usually is small compared 
with the OCL, it is neglected. At the beginning of the pulse, 



Fig. 13*46 Time required to reach 95 ptTcent of final voltage. (From 
Electronic Transformers and Circuits by Reulx^u Lee.) 



Fig. 13*47 Circuit for b)p of pulse. (From Electronic Transformers 
and Circuits by Reulxm Lee.) 



Fio. 13*48 Influence of transformer OCL on square-topped pulses. (Reprinted with permission from R. Lee, Electronics, Aug. 1943.) 
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the voltage e across R 2 is assumed to be at the steady value 
E, which is true only if Rt is negligible. Therefore, the 
curv’es for the top of the wave, Fig. 13 ‘48, need to be cor* 
rected in the same way as those for the front of the wave; 
e should be multiplied by R^/iRi + i? 2 ). The abscissas 



Fig. 13*49 Circuit for trailing edge. From Electronic Transformers 
and Circuits by Reuben Lee.) 

are not time, but the product of time and R\/L, the time 
being the duration of the pulse between points a and b in 
Fig. 13-40. 

At instant b in Fig. 13-40, the switch iS in Fig. 13-47 is 
assumed to be opened suddenly. The circuit now reverts to 
that of Fig. 13-49 in which L is the open-circuit inductance, 


£ as if there were no droop at the top of the pulse. The 
curves apply even if there is droop, but the ordinates then 
should be multiplied by the fraction of E to which the voltage 
has fallen at the end of the pulse. The exciting current at 
the end of the pulse is 

rL-^(l-€-^0 (13-10) 

mL 

where m = RiR 2 /{R\ + R 2 )E 

t = pulse duration in seconds 
L = primary OCL in henrys. 

Exciting current can be expressed as a fraction A of the 
primary load current 7, or A = u//. For any R 1 /R 2 ratio, 
A = {Ri + R 2 )/R\ multiplied by the voltage droop at point 
b (Fig. 13-40), or 

Voltage at h i?iA 


With increasing A the backswing is increased, especially for 
damped circuits corresponding to values of k ^ 1.0. 




Fig. 13*50 Trailing edge of pulse, oscillatory transformer. (From 
Electronic Transformers and Circuits by Reuben Lee.) 


Fig. 13-51 Trailing edge of pulse, border-line case. (From Electronic 
Transformers and Circuits by Reuben Lee.) 


but secondary capacitance C 2 is again appreciable. Figures 
13*50, 13*51, and 13*52 illustrate the decline of puls^ volt- 
age. Abscissas are the time constant determined by OCL 
and C 2 . Ordinates are given in tenns of the original voltage 


In transformers with oscillatory constants the backswing 
becomes positive again on the first oscillation. In some 
applications this would appear as a false and undesirable 
indication of another pulse. The conditions for no oscilla- 
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tions are all included in the real values of the equivalent 
circuit angular frequency, or by the inequality 

1 1 

4R^C^ ^ LC~2 

or y/Jj/Cl > 2722. Terms are defined in Fig. 13*50. 

The quantity VL/C 2 may be regarded as the open- 
circuit impedance of the transformer. Its value must be 



Fig. 13*52 Trailing edge of pulse, highly damped transformer. (From 
Electronic Transformers and Circuits by Reuben Iajo.) 


more than twice the load resistance (on the basis of one-to- 
one ratio) to prevent oscillations after the trailing edge. 
This requires low distributed capacitance. 

In a lightly loaded transformer A may be large. Besides 
the backswing voltage just mentioned, a resonance voltage 
may be produced by leakage inductance in combination with 
distributed capacitance. The circuit for this combination 
is shown in Fig. 13*43. Because L is small, the circuit is 
nearly always oscillatory. The oscillations are superposed 
on the backswing voltage, with a result similar to the oscillo- 
gram of Fig. 13*53. 

Step-down transformers conform to the circuit of Fig. 
13*54. The wave form of voltage rise is the same as for 
step-up transformers, except that the damping is less. The 
decrement, although still composed of two terms, has the 
resistances Ri and R 2 in these two terms reversed with 


respect to the corresponding terms for the step-up trans- 
former. Except for this, the front edge is little different in 
shape from that shown in Fig. 13*44. For most purposes, 
it can be regarded as being the same. 



Fiu. 13-53 Oscillogram of voltage pulse. (From Electronic Trans- 
formers and Circuits by Reuben Lee.) 

Pentode amplifiers also can be represented by the circuit 
of Fig. 13*54. Here / is the current entering the primary 
winding from the tube, and it is constant over most of the 
voltage range. The front-edge response of these trans- 
formers is the same as that shown in Fig. 13 * 44 if the decre- 
ment is changed to R 2 / 2 L, Load impedances may be non- 
linear devices such as vacuum tubes. The voltage on such 
a load is often self-regulated to a constant flat-top value E. 
The current pulse rises afW* this value E is reached at a rate 



Fig. 13*54 Step-down-transformer equivalent circuits. (From Elec- 
tronic Transformers arul Circuits by Reuben Lee.) 


determined by leakage inductance and winding capacitance 
of the transformer and by the source and load impedances. 

13-19 PULSE-TRANSFORMER CORE MATERIAL 

Typical curves of induction plotted against magnetizing 
force for pulse transformers are those of Fig. 13*55. Core 
induction builds up in the direction shown by the arrows. 
For a typical loop such as o6cd, the slope of the loop (and 
hence permeability) rises gradually to the end of the pulse 
(point h in Fig. 13*40). Since magnetizing current starts 
decreasing at this point, magnetizing force // also starts 
decreasing. Current in the windings does not decay to zero 
immediately, but persists because of winding capacitance. 
Because the time is still increasing, permeability increases, 
and therefore induction B increases during a short interval 
after point 6. The trailing edge of the pulse voltage soon 
reaches zero, and this corresponds to point c on the loop. 
At some interval later, the maximum backswing amplitude 
is reached, and this corresponds to point d on the loop. At 
this point the slope and the permeability are several times 
as large as at point b. 
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Inductions in pulse transformers may be low in small units 
where very little source power is available, or they may be 
high (several thousand gauss) in high-power units. This is 
true whether the pulse width is a few microseconds or 1000 
microseconds. 



Fig. 13*55 Pulse B-H loops. (Prom Electronic Transformers and 
Circuits by Reuben Lee.) 

For any number of pulses of varying amplitudes but of the 
same width, there are corresponding loops having respective 
amplitudes c. A curve dra^\^l through point 6 of each loop 
is called the normal permeability curve, and this is ordi- 
narily given as the permeability curve for the material. The 
permeability for a short-time pulse is less than the 60-cycle 
or d-c permeability for the same material, primarily because 
flux cannot penetrate throughout the laminations in a short 
time. Values of pulse permeability for 2-mil Hipersil are 
given in Fig. 13 *56. 



PULSE WIDTH IN MICROSECONOS 

Fig. 13*56 Effective permeability versus pulse width. (From Elec- 
tronic Transformers and Circuits by Reuben Lee.) 

13-20 SAWTOOTH TRANSFORMERS 

Probably the most common use of sawtooth transformers 
is to provide a linear sweep to elements of a cathode-ray 
oscilloscope. In such a circuit, the load on the transformer 
is negligible. Assume a linearly increasing voltage, as sho^vn 
in Fig. 13*67, to be applied to the circuit of Fig. J3*68. 
Voltage e across inductance L has the same slope as the 
applied voltage times an exponential term, the value of which 


is determined by the resistance Ri of the amplifier, the OCL 
of the transformer, and the time between the beginning and 
the end of the linear sweep. Under the conditions assumed, 
the value of the exponential for any interval of time can be 
taken from the curve marked /J 2 = « in Fig. 13*48. For 






Fig. 13-57 Sawtooth wave. (Rc- Fig. 13-58 Sawtooth 

printed with pi*rmi>ision from R. lice, transformer circuit. (Rc- 

ElectronicSt Aug. 1943.) printed with permission 

from R. Lee, Electronics^ 
Aug. 1943.) 

example, suppose the sweep lasts for 500 microseconds, the 
tube plate resistance is 800 ohms, and the transformer in- 
ductance is 10 henrys. The value of the abscissa of Fig. 13*48 
is 0.04 and, since the slope of this exponential curve equals 
its ordinate, the slope of the voltage applied to the plates of 
the oscilloscope is, at the end of the time interval, 96 percent 
of the slope at the beginning of the time interval. 

Assume that at the end of time interval f, Fig. 13 * 57, the 
tube is cut off. Then the sweep-circuit transformer reverts 
to Fig. 13*49, in which C 2 has the same meaning as before, 
but R 2 includes only the losses of the transfonner, which 
were neglected in the analysis for linearity of sweep. In 
other words, voltage does not disappear immediately, but 
follows the curves of Figs. 13 *50, 13 *51 and 13 *52, the same 
as the trailing edge of the square-wave pulse. 


13-21 BLOCKING OSCILLATOR TRANSFORMERS 


Blocking oscillator transformers are used to obtain pulses 
at certain repetition rates. A typical blocking oscillator 



Fig. 13*59 Blocking oscillator. (From Electronic Transformers and 
Circuits by Reuben Lee.) 

circuit is shown in Fig. 13*69. The grid is driven hard, and 
the magnitude of grid current usually is about equal to 
the magnitude of anode current. Hence the grid-winding 
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turns are approximately the same as those of the anode 
winding. 

Either a negative or a positive pulse voltage may be ob- 
tained. Instantaneous voltages and currents are shown in 
Fig. 13-60 for a load operating only on the positive pulse. 
The general shapes of these currents and voltages approxi- 
mate those in a practical oscillator, except for superimposed 
ripples and oscillations, which arc common. The next pulse 



INSTANT 0- PULSE STARTS. ANODE CURRENT RISES. 

INSTANT b- SUDDEN RISE IN ANODE CURRENT INDUCES 
ANODE WINDING VOLTAGE PEAK. 
PROBABLY AT SATURATION VALUE. 

INSTANT C-DUE TO COUPLING K < I.GRID VOLTAGE 
PEAKS LATER. GRID CURRENT PEAKS 
SIMULTANEOUSLY. 

INSTANT d- ANODE CURRENT MAXIMUM 

ANODE VOLTAGE STARTS TO FALL 

INSTANT 6 > GRID VOLTAGE AND CURRENT ZERO. 

INSTANT f- ANODE VOLTAGE AND CURRENT ZERO. 

INSTANT g - VOLTAGE BACKSWING REACHES PEAK. 
CAUSES PEAK LOAD CURRENT I,.. 


Fia. 13*60 Block inK-o8cillator voltaKcs and (‘urrents. (From Elec-' 
ironic Transformers and Circuits by Reuben Lee.) 


occurs when the negative grid voltage has decreased to a 
point at which regeneration starts again. Hence the repeti- 
tion rate depends upon grid bias R and C. 

The negative pulse has a much squarer wave than the 
positive pulse, and consequently it is used where good wave 
shape is required. No matter how hard the grid is driven, 
anode resistance cannot be lowered below a certain value; 
hence a limit to the negative amplitude is formed. There 
is no such limit to the positive pulse, and this characteristic 
is used for voltage multiplication. 

The slope of the front edge of the negative pulse is deter- 
mined by the leakage inductance and capacitance, as in 
Fig. 13-44, with two exceptions: (1) the pulse is negative, 
and (2) the load is non-linear; hence there are no oscillations 
on the inverted top. The slope of this top can be computed 
from Fig. 13-48, provided the tube and load resistances are 


accurately known. Slope of the trailing edge can be found 
from Figs. 13-50, 13-51 and 13-52. If these curves are 
inverted, they show the amplitude and shape of the positive 
overshoot voltage. 

Pulse width, shape, and amplitude also are affected by the 
ratio of grid turns to plate turns in the transformer; the 
situation parallels that of class C oscillators, as discussed in 
Section 13 • 15. Backswing pulse shapes usually are far from 
square. When the repetition rate is low and wave shape is 
unimportant, peaking transformers such as those described 
in Chapter 18 are used. 
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VACUUM TUBES AS CIRCUIT ELEMENTS 

W. E. Shoupp 


THE OPERATION OF A VACUUM TUBE WITH LOAD 

C HAPTER 5 considered characteristics of tubes that 
were not connected to any external circuit. Such a 
set of static characteristic curves (If, versus Ef,) is 
shown in Fig. 14-1 for a typical triode (type 2A3). 



Fio. 14*1 Anode characteristics of 2A3 triode. 


A load line has been added to the characteristic curves. 
This load line does not depend upon tube characteristics; it 
is a straight line with a slope — 1/Rl, where Rl is the load 



It = Etb/Ri — Rb/Rh in Fig. 14-1. This is a load line. 
The load line connects points P and 0 and, with the charac- 
teristic curves, determines the position of the operating 
point. P is the point at which no voltage appears across the 
tube; consequently, current has a value of Ebb/Rh at that 
point. Point O has a value equal to the S-supply voltage 
Ebb used, for that point corresponds to zero anode current, 
and the full B-supply voltage appears at the anode. 



-120 -iO -40 0 

QUID VOLTAOE Eo 


Fig. 14-3 Grid anode characteristics for 2A3 vacuum tube. 

The quiescent or operating point Q lies on the load line 
(except for unbalanced push-pull amplifiers) and is the oper- 
ating point for a d-c input to the grid of the tube. For the 
type 2A3 tube the recommended grid-bias voltage is 
— 40.0 volts, for which Q is at the point indicated in 
Fig. 14*1. The load line is drawn for the recommended 
resistive load Rl = 2500 ohms; Q is then at the intersection 
of the recommended grid bias (—40.0 volts) with the load 
line. 


Fig. 14-2 Vacuum tube with resistance load Rl. Rc is varied, the operating point moves up or down the 

load line corresponding to the value of Re. For example, if 
resistance in the anode circuit, as shown in Fig. 14-2^ Volt- Ee is —8(3 volts in Fig. 14*1, anode current is about 20 milli- 
age Eb is equal to anode-battery electromotive force Etb amperes; but if grid voltage is changed to zero, anode current 
minus ItRLt and is therefore represented by the straight line rises to about 115 milliamperes. 
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For most applications curves of grid voltage Ee versus 
anode current 1 ^ are more useful than the Eb-h curves given 
in Fig. 14*1. Ec-h curves, such as those shown in Fig. 14*3 
for the type 2A3, are called transfer characteristics. They 
are static characteristics and have no relation to the load 
circuit. 

The grid voltage-anode current characteristic with load, 
for a circuit such as that shown in Fig. 14*2, is called the 
dynamic characteristic and is given in curve A of Fig. 14*4, 
where it is superimposed upon the Ec-h curves of Fig. 14 -3. 
The slope of the dynamic characteristic of curve A is less 
than that of the transfer-characteristic curves. 

Flattening of the dynamic characteristic rdativc to the 
static characteristic is caused by the voltage drop IbRL 
across the load resistor. This voltage drop increases with cur- 
rent, so anode voltage Eb decreases with increasing current, 



Fig. 14-4 Transfer characteristics with dynamic cliaracteristic. 


for the supply voltage Ebb remains constant. The slope of 
curve A (Fig. 14-4) is obtained by dividing the amplification 
factor by the total anode circuit resistance: 


Slope of A = (14 1) 

rp + Rl 

The static case corresponds to a load resistance Rl of zero; 
then the regular transfer-characteristic curves are as dis- 
cussed oreviously, that is. 



amplification factor 
anode resistance 


(14-2) 


gm is known as transconductance and is about 5250 micromhos 
for the type 2A3 triode. Amplification factor m is the ratio 
of the change in anode voltage to the corresponding change 
in grid voltage in the opposite direction for constant anode 
current. With this background the characteristics of an 
amplifier can be analyzed. A method for determining the 
dynamic characteristic of the triode amplifier may now be 
developed, and furthermore it is possible to determine the 
distortion or harmonic content. 

Consider again the circuit shown in Fig. 14*2, w’here a 
type 2A3 tube is operating into a resistive load. The recom- 
mended load for this tube from the tube handbook is 


Rl = 2500 ohms. Anode characteristics for the 2A3 tube 
are shown in Fig. 14*1. The static grid-anode characteristics 
are likewise given in Fig. 14-3. The first step is to determine 
the dynamic characteristic. The method is illustrated in 
Fig. 14-5, where the two sets of curves of Figs. 14*1 and 



Fig. 14 *6 Determination of dynamic characteristic for 2A3. 


14*3 are drawn back to back. The points from the load 
line in the h-Rb curves are now connected to the various cor- 
responding points in the Ih-Ec transfer-characteristic curves. 
These points determine the dynamic-characteristic curve as 
indicated. 

14- 1 DISTORTION IN THE TRIODE AMPLIFIER 

In Fig. 14*6, the dynamic characteristic and the load line 
are shown with a sinusoidal attenuating voltage represented 
by €c - y/ 2 Eg sin o)t + Ec applied to the grid, where Eg is 
the effective value of the varying grid voltage. Wave forms 
W 2 and W 3 are determined graphically point by point. 

A sine-wave input produces a sine-wave output only if the 
dynamic characteristic is a straight line. In the example in 
Fig. 14-6 the dynamic characteristic is noticeably curved; 



Fig. 14*6 Determination of output wave form for sine-wave input 

to2A3. 

therefore, output waves W 2 and TF 3 are not sinusoidal. The 
load line in the h-Eb diagram is linear, so W 2 and W 3 have 
the same harmonic content. The distorted wave so pro- 
duced may be represented by a Fourier series, and the 
relative values of the terms of the series denote harmonic 
content. 
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The output anode current wave W 2 usually is of particular 
interest in power-amplifier applications. It usually has a 
form somewhat as shown in Fig. 14-7. 



Fio. 14-7 Distorted wave. 


the dynamic characteristic and the straight-line ideal charac- 
teristic are read off for six specific points: a, 5, c, d, e, /. The 
abscissas to be used for the determination of six points are 
listed in Table 14-1, where Ecc is the value of Ec at the 


Table 14-1 Harmonic Difference Points 


Point 

Ab8ci88a8 (Ee) 

Ec for 2A3 

Ordinatti 
Differences 
for Fig. 14-8 

a 

uaiEcc 

-85.1 

-6.6 

h 

1.50AV, 

-75.0 

-10.0 

c 

1 mEcc 

-50.0 

-9.2 

d 

0.700E,c 

-35.0 

-6.6 

e 

0.500A’,, 

-25.0 

-6.2 

f 

0.293A\.c 

-14.6 

-5.8 


operating point. The third column of the table gives the 
abscissas^ and the fourth column lists the ordinate differences 
for the example used in Fig. 14*8. The formulas for com- 
puting peak values of various harmonic currents are given 
in column 2 of Table 14-2. Using the oi*dinate differences 


This wave form obviously is not sinusoidal; however, it 
possesses mirror symmetry about the various maxima and 
minima. Provided that the origin {x = 0) is established at 
an ordinate displaced by t/2 from any maximum or mini- 
mum, the wave form may be represented by a Fourier series 
containing only sine terms of odd harmonics and cosine terms 
of even harmonics. Relative magnitudes of these harmonics 
are to be computed for a particular dynamic characteristic 
curve that describes the circuit. The method of determining 
the harmonic content up to the seventh is given here without 
analytical proof. ^ An analysis including seven harmonics 
usually is sufficient. The dynamic characteristic is first de- 
termined graphically and the ends A and B of the curve are 
connected by a straight line (Fig. 14-8). A different grid 



Fio. 14-8 Dynamic characteristic for harmonic determination. 

bias is used in this example to cause sufficient distortion 
for illustrative purposes. Ordinarily a lower bias would be 
chosen to reduce harmonic content. Differences between 


Table 14*2 Equations for Harmonic Determination 


Harmonic Peak 

Equation for Dot4Tmination Current for Fig. 


Harmonic 

of Harmonic Peak Currents 

14-8 (ma) 

2 

hi =■ + fe) + I'iic — f — a) 

hi — —4.6 

3 

/63 - H(d - b ) 

/m ■■ +1.3 

4 

hi * hiic - / - 0 ) 

/64 * +0.8 

5 

/w * Hid 6) + 

/65 « +1.0 

6 

/66 " c /2 — /02 

/66 - +0.0 

7 

^ g — 1.82/02 — I.O9/0.1 , 

= 1.146 + 



0 . 655 / 6 , - 0 . 699/65 - 0 . 751/66 


given in column 3 of Table 14 1, the harmonic currents 
determined for the 2A3 amplifier are given in column 3. 

Minimum and maximum anode currents taken from the 
dynamic characteristic in Fig. 14*8 are 4.0 milliamperes and 
120 milliamperes respectively. The fundamental peak cur- 
rent is 

761=” + Ibs "" Ihb + Ihi (14-3) 

A 


where is the peak-to-peak current amplitude of the com- 
plex wave. For this specific example (from Fig. 14*8), 


la = 120 — 4.0 — 116 milliamperes (14*4) 
and, consequently, 

^61 = -4^+ ^-3 — 1.0 — 0.76 = 57.5 milliamperes (14-5) 

The percentage values of harmonic currents are the ratios 
of the values of harmonic current amplitudes to total current 
amplitudes. Distortions for this example are 


Second harmonic 
Third harmonic 
Fourth harmonic 
Fifth harmonic 
Sixth harmonic 
Seventh harmonic 


8.0 percent 

2.2 percent 
1.4 percent 
1.7 percent 
0.0 percent 

1.3 percent 
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Previous calculations have illustrated the determination of 
harmonic content in the 2A3 amplifier illustrated in Fig. 14*2. 
Formulas and methods for such determinations are applicable 
up to the eighth harmonic for amplifiers, modulators, and 
perfectly balanced push-pull amplifiers. 

14-2 AMPLIFIER WITH REACTIVE LOAD 

Thus far the load Rj, has been assumed to be a pure resist- 
ance. If the load has a reactive component, the dynamic 
characteristic becomes an ellipse, provided there is no wave- 
form distortion. The ratio of the minor to the major axis 
of the ellipse depends upon the magnitude of the reactive 
component relative to the resistive component of the load 
circuit. The shape of the dynamic characteristic for various 
values of power factor is shown in Fig. 14-9. If the wave 



Fig. 14*9 Dynamic charactoristics. 

form is distorted, the ellipse is somewhat distorted. If the 
load has a reactive component, the analysis of the problem 
is so complicated that solutions arc not generally attempted 
even for linear-tube characteristics. To obtain a reasonably 
accurate analytical solution the second and higher deriva- 
tives of tube characteristics must be known, because scries 
representations are necessary. Because these derivatives 
are not generally available to the design engineer they must 
be obtained in the laboratory. Fortunately, solutions of 
problems involving reactive loads are seldom required, be- 
cause final stages of a power amplifier usually work into a 
purely resistive load to extract maximum power from the 
amplifier. Reactance in the load usually decreases power 
factor. 

D 3 mamic characteristic for reactive loads can be deter- 
mined experimentally. It is usually preferable to use the 
experimental dynamic characteristic and from it det^jrmine 
the power output and harmonic distortion. An experimental 
arrangement that displays the dynamic characteristic on 
the screen of an oscilloscope is given in Fig. 14 • 10. 

Alternating-voltage input is connected to the grid of the 
triode, which is in turn connected to the load circuit that 
may be reactive. Grid voltage is applied to the horizontal 


plates of the cathode-ray oscilloscope and anode current is 
applied to the vertical plates. The trace on the oscilloscope 
screen indicates the dynamic characteristic. The curve can 



Fig. 14 10 Expcjn mental arran( 2 ;cment for determining the dynamic 
characteristic. 

be reproduced graphically from the oscilloscope screen and 
used to determine amplifier characteristics under operating 
conditions. 

14-3 ANALYTICAL DESIGN EQUATIONS FOR 
TRIODE POWER AMPLIFIERS 

The graphical method of determining amplifier charac- 
teristics, though quite accurate, frequently takes more work 
than is necessary, if only an approximate solution is required. 
The following approximate solutions are sufficiently accu- 
rate for most design purposes.^ ''J'he assumed approximations 
are that the transfer characteristics are linear and parallel 
for currents above a certain minimum value /o, and that the 
load is purely resistive. Under these conditions the d 3 mamic 
characteristic is a straight line (Fig. 14-11). 



100 to to 100 too too 

Fig. 14 - 11 Approximate characteristic curves for 2 A3. 


The following notation is used: 

Eq — anode voltage at operating point Q 
Eo = anode voltage required to develop minimum al- 
lowed anode current Iq for zero grid bias 
Iq = minimum allowed anode current 
rq = anode resistance at operating point Q 
Ri, = load resistance 
li = amplification factor of tube 
Ec = grid-bias voltage 
Eg = peak signal voltage 

Consider now that a sine-wave voltage input is connected 
to the grid of a triode biased with a negative voltage Ecy and 
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that the tube is working into a resistive load Rl; Fig. 
14 12 (a). The transfer characteristics are examined, and 
the i-egion over which the characteristics are non-linear is 
marked off as shown in Fig. 14-11. Values of Iq and Eq are 
thereby determined to be 20 milliampei'cs and 32 volts re- 
spectively. 

The electric field of the anode penetrates the grid and 
modifies the field at the cathode,® so the effective grid voltage 
is Cc + (cfc/Ai). At the instant anode current is minimum, 


Eo , 

— = Co + - 

M M 


(14-6) 


Anode current lo is minimum when instantaneous signal 
voltage eg has a minimum value —Eg. At that time grid 
voltage is equal to twice bias voltage, that is, 


Ce = -Eg - Ec^ -2Er (14-7) 


The triode amplifier in Fig. 14-12 (a) may be represented 
by the equivalent circuit shown in Fig. 14*12 (6), in which 





Fia. 14-12 (a) Amplifier circuit. (6) Equivalent circuit to 14 12 (a). 


the tube is represented by a generator of output uCc in series 
with a resistance equal to the anode resistance of the tube. 
When grid voltage is minimum in this circuit, the current is 


^^Eg 

lb = 

Rl + rp 

Corresponding voltage across the tube is 


(14-8) 


nEgRi, 

Rl + 

Combining equations 14*6, 14-7, and 14*8 and solving for 
bias voltage Ec gives 


If the grid bias is known, equation 14-10 may be used to 
determine the proper load resistance, since 


RL = rp( — l) (1411) 

’^KEg-Ecd+n) ) 

Equation 14-10 expresses the proper grid bias for a triode 
amplifier. 

Power output delivered to the load resistance is 

1/ ^Eg V 

Power output = - ( ) Rl (14 • 12) 

2 \Rl + Tp/ 


Undistorted power output reaches its maximum as the crest 
signal voltage just equals the grid bias. Using the value of 
Ec from equation 14 • 10, equation 14 • 12 reduces to 


Maximum power output 


1 /Rl + Tp 

2 (Rl + rp)^\RL + 2rp 

(Eq - Eo)^Rl 
2(Rl + 2rpf 



(14-13) 


Anode voltage and current at the operating point (J?q, Iq) 
are, for linear characteristics, the average of the maximum 
and minimum instantaneous values; that is, 


Iq = 


I max "i“ I min 


Eq — 


E max 4” E min 


(14-14) 


Power output in terms of the maximum, minimum, and 
operating currents and voltages then becomes 


Power output = ^(Eq - Emin)(^g ~ I mm) 

(14-15) 

~ i(EtnAx E jo^in) (I nukx I min) 

It should be remembered that the characteristic curves are 
assumed to be linear above a certain anode current /min- 
The following values for this example are obtained from 
Fig. 14-11 and the published data: 

Ecc — 40 volts Emin ~ 105 volts H = 4.2 

Enmx = 350 volts Iq = 70 ma /min = 20 ma 

Eq = 225 volts /max = 120 ma Eq — 32 volts 

Equation 14-15 gives for power output 

Power output = 'J^(350 — 105) (120 — 20) = 3.0 watts 


Anode efficiency is defined as the ratio of power output dissi- 
pated in the load resistance to the d-c power supplied to the 
anode circuit of the tube. Input power is Eq/q, where Iq 
is the direct current at the operating point. Using equa- 
tion 14-12 for the output power gives 


RLEg^n^ 


Anode efficiency 
or using equation 14 - 10 gives 
Rl 


Anode efficiency 


2(«l + 2rp) 


2{Ri. + rp)2 

(14 16) 

EqIq 

-v)0- 



Anode efficiency may be expressed also in terms of maximum 
and minimum voltages. When equation 14-15 is used, 
anode efficiency becomes 


Anode efficiency 
or 

Anode efficiency 


1 (Eq ““ E mif^ (Iq — /min) 

2 EqIq 

(Emaa, min) (/max /min) 

SEqIq 


(14-18) 

(14-19) 
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For the 2A3 tube (from equation 14*19), 

A j • (350 - 106)(120 - 20) 

Anode efficiency 19 percent 

8 X 70 X 225 

Load resistance /?/, required to give the maximum power 
output may be obtained by differentiating equation 14*13 
with respect to Ri and equating this derivative to zero; 


dP ^ {Eq — Eo)^ 2rp — Ri, 

— _ _____ 

which gives 

Rl = 2rp 


(14*20) 

(14*21) 


Consequently, for maximum power output, load resistance 
must be twice the tube anode resistance. Using this condi- 
tion reduces equation 14*10, for the proper grid bias, to 


(Proper grid bias for Rl = 2rp) - 
Equation 14 * 13 reduces to 

Maximum power output 


- - -g p)" 

IGrp “ 


( 14 * 22 ) 

(14*23) 


Experimental values of plate efficiency are from about 10 
to 20 percent for most tubes used as amplifiers in which the 
grid is never driven positive. 

The maximizing condition Ki = 2rp is frequently used in 
small power amplifiers that operate with anode voltages of 
about 300. For larger tubes, operation usually is limited 
by ancxie dissipation; consequently, load resistances are 
usually greater than 2rp, maximum anode dissipation deter- 
mines proper grid bias, and the equations derived for 
Rl - 2rp do not apply. 

A more rigorous analysis shows that equations 14*15 
and 14 * 19 are applicable whether the dynamic characteristic 
is linear or not, provided that the output contains only even 
harmonics. 


14-4 VACUUM TUBES AS VARIABLE-IMPEDANCE 
ELEMENTS 

Vacuum tubes in simple circuits can be applied to the 
variation of magnitude and phase angle of impedance. 
Properties of circuits of this type are of particular interest 
to designers of oscillators, for circuits containing only resist- 
ance and capacitance can be made to act as variable induct- 
ances shunted by negative resistances. With such circuits 
it is comparatively simple to construct variable-frequency 
oscillators because variable resistors and capacitors are 
readily available. Commercial oscillators that operate on 
this resistance-tuned principle are available in the kilocycle 
range. Reactance tubes based on this fundamental principle 
are used in many frequency-modulated transmitters and 
receivers and in automatic-frcquency-control circuits of 
ordinary receivers. 

One basic circuit of the variable-impedance type ^ is shown 
in Fig. 14*13, in which a capacitance is connected from 
anode to grid. If an alternating voltage is impressed across 
terminals P and Q, the grid voltage of the triode is out of 
phase with the alternating anode voltage. Consequently, 


since anode current is controlled by grid voltage, anode cur- 
rent ii contains a component out of phase with the input 
voltage. Qualitatively the circuit acts like a reactance 
across P and Q. The magnitude of this reactance can be 
varied by changing the grid bias on the triode, so the circuit 
acts as a variable reactance. This simple explanation of the 
operation of this circuit is not sufficiently clear for design 
purposes, so a detailed analysis is needed. 

From Fig. 14*13, when Kirchhoff's laws are applied. 


i = ii -i- 1*2 


and grid voltage is 




e + ficg 


+ ' 


jo^C 


+ R 


cR 


1 



(14*24) 


(14*25) 


Combining equations 14 *24 and 14*25 gives as the equiva- 
lent admittance of the ciniuit 


1 _ «VC2(1 + m) + + 1 . (Am + rp)(coC) 

~~e~ 1 ) ^ rp{R^J^C'^ + 1 ) 

(14*26) 

Inspection of equation 14*26 shows that the circuit acts as 
though it were a parallel combination of capacitive react- 
ance A'e and resistance r. where 


rp(fiVC -f 1) 

{fill -|- rp)wC 

rp(«VC* -f 1) 

RWC'\\ +u)+ TpRj^C^ -H 1 


(14*27) 

(14*28) 


Since the transconductance of a triode is the effective 
capacitance C* across P and Q is 


Cg„R + C 
J^R^C^ + 1 


(14*29) 


Usually the term g^R is much greater than 1, so the second 
term in the numerator of equation 14*29 is negligible com- 
pared with the first. Therefore 


RCgm 

J^R^C^ + 1 


(14*30) 


C, is maximum when R = 1/wC, and 


C 


e max 


Qm 

2o) 


(14*31) 


and the corresponding shunting resistance for this manmum 
is 

2 

max ~ (14*32) 

Qm 

Now the value of the transconductance Qm of the triode may 
be varied by changing the grid bias; consequently, the circuit 
acts like a variable capacitance shunted by a variable resist- 
ance. 
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This basic circuit can be used as a circuit element in auto- 
matic tuning devices or as a variable capacitance for fre- 
quency modulation. In ordinary applications the circuit is 
used as the variable-capacitance clement of a variable- 
frec|ueJicy-oscillator tank circuit. In such a circuit it might 
appear from equation 14 -31 that high values of Ce could be 
obtained by using a tube with large transconductance. How- 
ever, from equations 14-31 and 14-32, 

(r.)n.ax - - (14-33) 

w(C ej max 

Therefore, if is to have a reasonable value, say 1000 ohms, 
(Cr)max is about 0.16 microfarad at a frequency of 1000 cycles 
per second. This circuit therefore is not generally applicable 
if large effective capacitances must be produced, because the 
shunting resistance then becomes quite small. 


amplification factor. In this case /i is negative, and be- 
comes a negative resistance. Furthermore, fiR may be 
greater than r,; therefore the reactance Xe may be inductive, 
so that the circuit may act as a negative resistance shunted 



Fio. 14-14 Pentode impedance convei-sion circuit. 



Fig. 14-13 Variable capacitance circuit. 


The basic circuit (Fig. 14 • 13) can be modified to provide 
high shunting resistance, and it is possible sometimes to 
obtain capacitances of many microfarads. 


by an inductance. Sinusoidal oscillations ^ can be sustained 
with a circuit like that shown in Fig. 14-14 if a capacitance 
is connected across P and Q. A resistance-tuned oscillator 
can be constnictcd (Fig. 14 -15) by connecting a capacitance 
Cl and a resistance Ri across P and Q, the resistor being 
necessary to provide screen-grid voltage. 

Oscillations are possible for the circuit in Fig. 14*16 if 


Im1> 


Ri + r, 
Hi 


rjC^ 

RC R 


(14-38) 


and the frequency of such an oscillator is given by 


2 t "^RRir,CCi 


(14-39) 


14-6 VARIABLE-INDUCTANCE CIRCUIT 

If capacitance C (Fig. 14 - 13) is replaced by an inductance 
L the effective reactance and resistance becomes 


rp(/e^ -f <0^L^) 

«L(rj, + tiR) 

(R^ + <o^L^)rp 
Rfp + R^{1 + m) "I" 


(14-34) 

(14-35) 


Consequently, by modifying parameters in Fig. 14-13 tube 
circuits can be made to act as variable-capacitance or varia- 
ble-inductance circuits. 

The tube shown in Fig. 14 • 13 is a triode, but any two ele- 
ments or pairs of grids in multielectrode tubes may be used 
for the elements shown, if the control grid is provided with 
a proper bias. Connections for a pentode are shown in Fig. 
14-14. The values of effective resistance r. and reactance 
for the circuit in Fig. 14 - 14 become 


and 


-r,(fiVC^ + 1) 

uCifiR "1“ r.) 

+ 1 ) 

fiVC®(l + m) + + 1 


(14-36) 

-.(14-37) 


where r, is screen resistance and m is the screen-suppressor 


so the circuit parameters are designed to meet this condition. 


R. 


Fio. 14-15 Resistance-tuned oscillator. 

14-6 THE VACUUM TUBE AS AN ELECTRONIC 
SWITCH 

Tubes can be used also for rapid switching of electrical 
circuits. Applications of electronic circuits to high-power 
switching, such as in the control of welding circuits, are dis- 
cussed in Chapter 31. One low-power switching application 
is of particular interest since it may be the basis of many 
unusual uses in the laboratory. 

It i& frequently desirable to observe simultaneously two 
separate phenomena on the same cathode-ray oscilloscope 
screen, such as voltage and current waves in a transformer. 
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Consequently, a switch operating at a rate faster than the 
oscillating frequency and the resolving time of the eye is 
required. The circuit described in this section acts as a 
single-pole double-throw switch that connects first one, then 



Fia. 14-16 Kloctronic switch. 


another, input to the output terminals, which usually are 
connected to an osciilloscope for viewing the two separate 
wave disturbances. The output of a multivibrator oscillator 
as shown in Fig. 14-16 is so connected that it applies a high 
negative bias alternately to the cathodes of two amplifier 
tubes, 1 and 2, the output of which are connected together 


and to the output circuit,* which usually is a cathode-ray 
oscilloscope. The input grids of the two amplifiers are con- 
nected to the separate sources to be examined. The multi- 
vibrator switches off and on alternately, the separate ampli- 
fiers enabling the two input signals to enter the output 
circuit alternately. With such an arrangement a cathode- 
ray oscilloscope connected to the output of the device indi- 
cates both input signals alternately, but they are switched 
off and on at a rate as high as 100,000 times per second. To 
the eye both input signals 1 and 2 appear simultaneously on 
the oscilloscope screen. It is simpler to use such an instru- 
ment instead of two oscilloscopes, and the phase and ampli- 
tude of the two waves can be directly compared on the same 
viewing screen. It is likewise possible to cascade these de- 
vices to portray several wave patterns on the same oscillo- 
scope screen. 
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RECTIFIER CIRCUITS 

H. J. Bichsel 


A RECTIFIER is an asymetrical conducting device 
for producing unidirectional current from alternating 
current. Several different types of rectifiers now in 
use include the electronic, copper oxide, selenium, and 
mechanical rectifiers. The electronic rectifier has grown in 
popularity not only in the supply of small quantities of direct 
current for the operation of radio receivers, transmitters, 
and industrial electronic equipment, but also for supplying 
large amounts of direct current for the electric railways, 
mining equipment, electrochemical processes, and for gen- 
eral industrial use. 

161 GENERAL CONSIDERATIONS 
Basic Rectifier 

A rectifier consists of a transformer and the rectifying 
element such as a tube or a copper oxide unit. The trans- 
former is used to step the a-c supply voltage up or down to 



Fig. 15-1 Single-phase half-wave rectifier. 


The ripple factor of a rectifier output is also a commonly 
used term. It is defined as the ratio of the amplitude of the 
first harmonic of the ripple to the d-c output voltage or 

P = -J^ (15-2) 

Loads 

Rectifier loads may be almost every possible combination 
of resistance, inductance, and capacitance. However, the 
majority of industrial loads are combinations of resistance 
and inductance, and usually there is sufficient inductaiu;e to 
maintain the load current practically constant. ''Fherefore 
the rectifier output current is assumed to be constant in the 
rectifier analysis in this chapter unless otherwise stated. 

In some cases a resistance load is used. Here the wave form 
of the load current will be the same as the load voltage. 

Capacitance loads are sometimes encountered when a 
capacitor filter is used. Rectifiers are sometimes used to 
charge large capacitoi's for storing electrical energy. An 
example of this is given in Section 31*31. If gaseous tubes 
are used in the rectifier, the capacitor charging current must 
be limited in some manner or the rectifier tubes will be 
damaged. This current can be limited by using resistance 
or inductance in series with the capacitor or by incorporating 
sufficient leakage reactance in the rectifier transformer to 
limit the rectifier short-circuit current to a value within the 
rating of the tubes. 


obtain the desired d-c output voltage from the rectifier. The 
transformer also isolates the rectifier output from the a-c 
supply. The rectifying element conducts current in only 
one direction and, thereby, produces a pulsating d-c voltage 
across any load connected to the rectifier output. A simple 
rectifier is shown in Fig. 15*1. 


Ripple 

Since the output voltage of a rectifier is pulsating direct 
current, the voltage can be analyzed by a Fourier series. 
Such an analysis shows that the output voltage consists of a 
d-c term and sinusoidal terms whose frequencies are multi- 
ples of the a-c supply frequency. The summation of the 
sinusoidal terms is the ripple voltage. 

The percentage of ripple is the ratio of the rms value of 
the ripple voltage to the average value of the total voltage 
expressed in percent: 


Percent ripple 


Er X 100 
Ed-e 


(15.1) 


Utility Factor 

The utility factor of a rectifier transformer winding is the 
ratio of the d-c power carried by the winding to the volt- 
amperes of the winding. The higher the utility factor the 
more efficiently the winding is being used. The utility factor 
is a function of the wave form of the current and the ratio 
of the rms to the average voltage in the winding. Utility 
factor will be discussed in more detail for each type of recti- 
fier in the following sections. 

16-2 SINGLE-PHASE, HALF-WAVE RECTIFIER 
CIRCUIT 

The single-phase, half-wave rectifier is the simplest possi- 
ble rectifier circuit. As shown in Fig. 15*1, it consists of a 
transformer, a rectifying element, and a load. When the 
primary of the transformer is energized from an arC source, 
an a-c voltage appears across its secondary. When the 
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polarity of this voltage on the rectifying tube is such as to 
make the anode positive, the tube passes current through 
the load in the direction shown by the arrow. (The direction 
of conventional current flow is opposite to electron-current 
flow.) On the next half cycle, the anode of the tube is nega- 
tive and, because the tube cannot pass current from cathode 
to anode (in the conventional sense) no current flows in the 
load. Thus the current through the load and the voltage 
across the load appear as shown in Fig. 15*2 when the load 
is resistive. 

Wlien the rectifying element is conducting, the wave 
shape of voltage across the load is the same as that of the 
secondary voltage of the rectifier transformer minus the 



Fig. 16*2 Ijoad voltage and current of a single-phase half-wave 
rectifier with resistancu^ load. 


where P = Ed-Jd-c — d-c power output 

S = total volt-amperes of secondaries. 


The primary of the rectifier transformer must be designed 
to handle the load current plus the magnetizing current. 
Because the transformer is connected to an a-c supply, 
neither the primary current nor the voltage can have a d-c 
component. Therefore a current flows in the primary during 
the half cycle in which the tube is not conducting. This cur- 
rent has an average value that is equal and opposite to the 
half cycle of load current. Although the half cycle of mag- 
netizing current does not have quite the same wave-shape 
as the half cycle of load current, satisfactory results can be 
obtained if the rms values of each half cycle are assumed 
equal. In this case the primary current is 




Np 0.45 Np 


where = secondary turns 
Np = primary turns. 

The primaiy volt-ampere rating is 

Ed-c Np Ns 


(15-7) 


= d.OoAri-r/c/.c 


(15-8) 


drop or losses in the rectifying element. For simplicity, the 
rectifying elements are assumed to be ideal, having no losses. 
The drop through a phanatron, thyratron, or ignitron does 
not change appreciably with load; the tube drop is prac- 
tically constant for a given type of tube. Tube drop in 
phanatrons and thyratrons may vary from 8 to 25 volts, 
whereas in ignitron tubes it ranges from 10 to 25 volts 
depending upon the size and design. The drop through 
vacuum tubes, copper oxide, and selenium rectifiers depends 
upon the load current, and it may vary quite widely as the 
type and size vary. The drop across these rcctifici's can be 
determined from their voltage-current characteristics. 

The ripple factor of the output voltage of the half-wave 
rectifier is given by 

p = - = 1.57 (15-3) 

2 

The d-c output voltage of the rectifier is 

Ed.c = 0.318i:,n = 0.45^;, (15-4) 

In the single-phase, half-wave rectifier, the total volt- 
amperes of the secondary winding for resistance load is 


The primary utility factor is 
P 1 

U.F. = - = = 0.203 (15*9) 

.S 4.93 

16-3 SINGLE-PHASE FULL-WAVE RECTIFIER 

The next simplest type of rectifier is the single-phase full- 
wave type. It can be considered two half-wave rectifiers 
connected so that both halves of the applied sine wave of 
voltage are used. The electrical connections for this rectifier 
are given in Fig. 15*3. A center tap on the transformer 
secondary winding is required. Also, two tubes are required; 
although, in many cases, a double diode may be used. 

^Vhen point A on the transformer becomes positive in 
respect to point 5, tube 1 conducts from anode to cathode 
and through the load, as shown by t^i. When point C be- 
comes positive, tube 2 carries current in the direction shown 
by The direction of current through the load is the same 
for both tubes. The wave shape of the load current is illus- 
trated by Fig. 15*4. 

The ripple factor for the output of the rectifier is 


S = X /. = 


Ed.c 2 X lMId.c 
0.45 ^ \/^2 


= 3A8Ett.eId-e (15 ’5) 

Inasmuch as current flows in a resistance load for half of 
each cycle, the utilization of the rectifier transformer is poor. 
The utility factor of the secondary is 

U.F, - - = — = 0.287 (15-6) 

S 3.48 


E'r 17 

:: — o.oo? (i5io) 

td-c 2 

r 

The d-c voltage output is 

Ed-c = 0.63QE„ = 0.90E. (1511) 


This is twice the d-c output of the half-wave rectifier. 
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Single-phase full-wave rectifiers are extensively used for 
power supplies, in radio equipment, instruments, and indus- 
trial electronic circuits. Filters can be designed to reduce 
the output ripple of the rectifier, thereby gaining smooth 
direct current for load currents ranging from a few milli- 
amperes up to several hundred milliamperes. 

The utilization of the rectifier transformer primary is 
much better in the full-wave rectifier than in the half-wave 
rectifier, because load current flows in the primary on both 
half cycles of the applied voltage wave. However, the 
utilization of each half of the secondary winding is low. For 


The utility factor is then 

1 

U.F. = = 0.81 

1.24 


(15-17) 


The volt-ampere rating for the primary for inductive loads is 
S = l.nEd-c X Id-c (16-18) 


and 


U.F. = 


1 


1.11 


= 0.90 


(15-19) 


16-4 DOUBLE-WAY FULL-WAVE RECTIFIER 



Fio. 15-3 Single-phase full-wave rectifier. 



Fia. 15-4 Load voltage and current of a single-phase full-wave 

rectifier. 


a single-phase full-wave rectifier, with resistance load, the 
total volt-amperes of the secondary is 

.S = 2(1. HE,,.* X = l.7iEd.cId.c (15-12) 


For an inductive load, the current is practically constant. 
In this case the secondary volt-ampere rating of the trans- 
former is 


S = 2(l.llEd.* X “ 1.57Erf.*7,,.* (15-13) 


The secondary utility factor of the transformer for resist- 
ance load is 

U.F. = — = 0.584 (15-14) 

1.74 

For a reactive load 

1 

U.F. = = 0.636 (15-15) 

1.57 


If the magnetizing current is neglected, the volt-ampere 
rating for the transformer primary on resistive load is 


S = EpXlp = IMEd-c 


N, 


X 


i.nid.c 


Np 


•=» l,24Ed-eId-G 


(15-16) 


The need for the center tap on the transformer as used in 
the single-phase full-wave rectifier can be eliminated with 
the bridge connection shown in Fig. 15-5. This circuit is so 
arranged that two tubes in series always carry current. The 



Fig. 16*5 Diametric ilouble-way rectifier. 


double-way rectifier is especially useful for high-voltage work 
inasmuch as the inverse voltage is divided between two tubes 
in series. However, the rectifier requires four tubes, and 
thus it is considerably more expensive than the single-phase 
full-wave rectifier. The rectifier transformer carries current 
during both half cycles instead of on alternate cycles as in 
the standard full-wave rectifier. Consequently the utiliza- 
tion of the transformer winding is high. 

When the anode of tube 1 is positive, tube 1 conducts cur- 
rent, ii^ through the load, through tube 2 to the lower side 
of the rectifier transformer. On the next half cycle, the 
anodes of tubes 3 and 4 are positive, and current flows from 
the lower side of the transformer through tube 3, through 
the load and through tube 4 to the upper side of the trans- 
former. The output voltage wave shape is the same as for 
the single-phase full-wave rectifier shown in Fig. 15*4. 

This rectifier connection is frequently used with copper 
oxide rectifying elements because the circuit is easily made 
by applying the a-c voltage to the center taps of two parallel 
rectifier stacks. (The d-c output appears across the ends of 
the two stacks in parallel.) The connection can be easily 
visualized by replacing tubes 1 and 4 in Fig. 15 *5 with a 
center-tapped stack and tubes 2 and 3 with another stack. 
The operation of the rectifier is the same as for the rectifier 
using tubes, except that the voltage drop is dependent upon 
the load current, whereas in thyratron tubes the rectifier 
voltage drop is practically constant. 

16-6 VOLTAGE-DOUBLER RECTIFIER 

In numerous cases d-c voltages in the neighborhood of 
300 volts can be obtained directly from a 110- volt a-c line 
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without a step-up transformer. This is desirable particularly 
in inexpensive equipment where the cost of a transformer 
might be prohibitive. Such a voltage can be obtained by 
using a voltage-doubler circuit similar to the one outlined 
in Fig. 15*6. 


TUBE I 



Fig. 16-6 Voltage-iloubler circuit. 


When point A is positive in re.spect to point B, tube 1 
carries current and charges capacitor 1 to the peak of the line 
voltage, which in the case of 110- volt supply is 

= \/2 X 110 = 155 volts (15*20) 

On the next half cycle, when point B is positive in respect to 
point A , tube 2 conducts current and charges capacitor 2 to 
the peak of the a-c line voltage. The d-c output consists of 
the voltage across capacitors 1 and 2 in scries; hence the d-c 
output voltage is 310 volts, if no load is assumed on the 
rectifier. In using a voltage-doubler rectifier it must be re- 
membered that only a small load current should be drawn 
from it, otherwise excessive regulation results because capaci- 
tor 1 can be discharged by the load during the time capacitor 



Fig. 15*7 Output voltage of a voltage-doubler circuit. 


2 is charging and capacitor 2 can be discharged while capaci- 
tor 1 is charging. The result of this is apparent from Fig. 
16*7. 

16*6 THREE-PHASE RECTIFIER 

In the rectifier circuits previously discussed, the ripple 
factor of output voltage has been relatively high. Also the 
output current is limited because only one or two tubes are 
available to handle the load current. Where the percentage 
of ripple from the rectifier must be lower than that obtain- 
able from a single-phase rectifier without a filter, or where 
the average current is greater than that supplied by one or 
two tubes, multiphase rectifiers may be used. Of the multi- 
phase rectifiers, the three-phase rectifier is the simplest. 

The transformer connections for this rectifier are usually 


a delta-connected primary and a wye-connected secondary. 
The wye-connected secondary is a necessity because one of 
the output leads of the rectifier must be connected to the 
neutral of the secondary winding. The diagram of the three- 
phase rectifier is given in Fig. 15*8. 



In analyzing the operatum of this rectifier, it is assumed 
that the phase rotation of the secondary voltages is a', 6', 
c/y and also that phase a' is positive; therefore tube 1, which 
is connected to that phase, conducts current from anode to 
cathode and through the lead back to the neutral of the 
transformer. Tube 1 continues to conduct current until 
the anode voltage of tube 2 becomes more positive than the 
anode voltage of tube 1. Tube 2 carries current from ancxle 
to cathode and through the load back to the neutral of the 
transformer, as did tube 1, and continues to carry current 
until the anode voltage of tube 3 has exceeded its anode 
voltage. Then the load current commutates from tube 2 to 
tube 3. Tube 3 likewise conducts current from its anode to 
its cathode and through the load back to the neutral of the 
transformer and continues to do so until the anode voltage 
of tube 1 exceeds the anode voltage of tube 3, thus causing 
the current to commutate to tube 1. Thereafter the general 
cycle of events described repeats through tubes 1, 2, and 3 
as long as the anode voltage is applied and the load circuit 
is closed. The wave shape of the output voltage and cur- 
rents of the rectifier is illustrated by Fig. 15*9. 



Fig. 15-9 Rectifier voltages and currents of a three-phase rectifier. 

The d-c output voltage of the three-phase rectifier can be 
calculated by 

TT 

sin — 

Ei-c = ^E, ^ = 1.17B. = 0.827S„ (15-21) 

IT 

m 
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where Eg = transformer secondary voltage, rms 

Em = transformer secondary voltage, maximum 
m = number of secondary phases. 

The ratio of d-c voltage to maximum voltage is consid- 
erably higher for the three-phase rectifier than for the single- 
phase rectifier discussed previously, as Fig. 15*9 sliovvs. In 
general, this ratio increases as the number of phases in- 
creases; however, this is not strictly true when interphase 
transformers are used. The frequency of the ripple in the 
three-phase rectifier is 180 cycles for a 60-cycle a-c supply, 
or three times the supply frequency. In general for multi- 
phase rectifiers the ripple frequency is the product of the 
number of phases and the supply frequency. For a double- 
way multiphase rectifier the ripple frequency is twice the 
number of phases times the supply frequency. 

Each tube carries current for 120 degrees when the load is 
purely resistive (overlap caused by inductance in the trans- 
former windings being neglected). Because each tube 
carries current for only one third of the time, the total output 
current of the rectifier can be made three times the average 
current rating of each tube, whereas in the single-phase full- 
wave rectifier, for example, the total current may be only 
double the average current rating of each tube. In other 
words, the current output from a rectifier can be increased 
directly as the number of phases is increased. 

Three-phase rectifiers are used, for example, to furnish 
the d-c voltage for high-powered radio transmitting stations. 


and to supply the energy-storage resistance-welding ma- 
cliines, such as discussed in Chapter 31. 

The volt-ampere rating of the three secondaries (total) in 
the three-phase rectifier on inductive load is 

S - KEJ.) - 3 ' " = 1.481Bd.c/<,.c (16-22) 

and 

1 

U.F. = = 0.675 (15-23) 

1.481 

This utility factor is one of the highest that can be obtained 
for a multiphase rectifier (other than double-way types) as 
indicated by Table 15-1. Therefore three-phase secondary 
connections are used extensively in power-rectifier circuits. 

The calculation of the primary volt-ampere rating of the 
transformer is somewhat more complicated. Each secondary 
carries current for about 120 degrees each cycle; therefore 
the primary phase that supplies this secondary carries load 
current for 120 degrees. The magnitude of this current, as 
shown in Fig. 15 • 10, is 



During the remainder of the cycle the current in the primary is 

1 Ng 

= (15-25) 

o jyi p 

because the average current in the winding must be zero. 


Table 15-1 Rectifier Circuit Relationships 



1 

1 







Type of Rectifiers 

Single-Phast* 

Half-Wave 

Single-Pha.*<t* 

Full- Wave 

Diametric 
Double- Way 

Three-Phase 

Wye 

Wye, 

Double-Way 

Six-Phase 
Double Wye 

Six- Phase 

Load 

Resistive 

Resistive 

Inductive 

Inductive 

Inductive 

Inductive 

Inductive 

Inductive 

Ed^e 

OMSEm 

0.636^m 

0.636i5:,n 

0.636£:,„ 

0.827JS:„ 

1.665iS:,n 

0.827£:„ 

0M5Em 


OASEg 

0.90£’. 

0.90£, 

0.90^, 

IA7E, 

2.34Eg 

\MEg 

l.S5Eg 

Secondary phase current, 









rms 

1.57 

0.7857d.c 

0.707/d.c 

l.Olj., 

0.577/d.c 

0.816/d.c 

o:2mid.c 

0.408/d.c 

Secondary va -i- Ed-Jd-e 

3.48 

1.74 

1.57 

1.11 

1.48 

1.05 

1.48 

1.81 

Secondary utility factor 

0.287 

0.584 

0.636 

0.90 

0.675 

0.95 

0.675 

0.552 

Primary phase current, rin.s 

N 

2.22Uc-^ 

Np 

A p 



0.471/d.« ~ 

Np 

0.816/d-, ^ 

Np 

0.407/d-, ^ 
Np 

0.578/d-, ™ 

Np 

Primary va -5- Ed-Jd c 

3.48* 

1.24 

1.11 

1.11 

1.21 

1.05 

1.05 

1.28 

Primary utility factor 

0.287 

0.81 

0.90 

0.90 

0.827 

0.95 

0.95 

0.780 

Peak tube current 

3.14/d.e 

1. 57 Id.c 

Id.r 

Id.c 

/d-c 

Id-C 

0.5/d.c 

/ d-c 

Average tube current 

td-e 

0.5/d.c 

0.5/d-. 

0.5/d., 

0.33/d.o 

0.33/d.c 

0.167/d., 

0.167/d-c 

Peak inverse voltage 

3.14JiVc ! 

3A4Ed.c 

3.14^d.c 

1.57£:d.. 

2.091?d-c 

1.05AVc 

2.09^d-c 

2mEi.c 

Ripple factor i 

1.57 

0.667 

0.667 

0.667 

0.25 

0.057 

0.057 

0.057 

Major ripple frequency 

1 

/ I 

2/ 

2/ 

2/ 

3/ 

6/ 

1 

ly 

6/ 


Eg » transformer secondary voltage per log, rms 
Em ■■ transformer secondary voltage per leg, maximum 
Ed-e * load voltage, average 
Jd-e • load current, average 
/ — supply frequency, C.P.S. 

The ratios given above neglect the voltage drop in tubes, transformer, and circuits and are given on the assumption that there is no counter-emf 
in the load and that the rectifier is phased fully forward. ^Primary volt-amperes do not include transformer losses. 

• Transformer magnetizing current is extremely large for this connection and the primary volt-amperes may be as large as bSiEd^Jd-o if the 
transformer losses are included. 
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The nns value of the primary current can be found by 


1/2 iNT.V 1 7i N,V2 

V2 N, N, 

3 N p Np 

The total volt-amperes of the primary is 
S = 3{Ep X Ip) 


/Ei.c Np N,\ 


(15-26) 


returns to the transformer through tube 4. The voltage 
appearing across the load while these tubes are conducting is 

e = ea' — «6' (16-29) 

where = instantaneous voltage from phase a'. 

^6' = instantaneous voltage from phase b\ 

At time 7r/4, the voltage of phase c' becomes more nega- 
tive than phase 6', and the load current transfers from 
tube 4 to tube 6. Tube 6 continues to carry current until 
point Ttt/G is reached. Then the current transfers to tube 5. 
Tube 2 carries current to point Stt/G where the voltage of 
phase 6' becomes more positive than a' and the current 



TIME IN RADIANS 


Fia. 16 - 11 Three-phase wye, double-way rectifier. 




PRIMARY PHASE 
^CURRENT 






^ * Np 



1— frr ^ 



TIME IN RADIANS 

Fig. 16-10 Transformer primary and secondary currents in a three- 
phase rectifier. 

16-7 THREE-PHASE WYE, DOUBLE-WAY RECTIFIER 

The rectifier connection shown in Fig. 15-11 is widely 
used on high-voltage applications because the inverse volt- 
age appears across two tubes in series. This means that the 
rectifier can operate at higher voltages without danger of 
arc-back (in the case of mercury-vapor tubes) or reverse 
conduction (when vacuum tubes are used). The output 
voltage wave shape and ripple factor for this rectifier are the 
same as for a six-phase rectifier. The ripple frequency is 
360 cycles per second when operating from a 60-cycle supply. 
Consequently, comparatively small filters can be used to 
smooth the ripple to produce steady direct current. The 
output voltage and current wave shapes are shown in Fig. 
15-12. 

The operation of the rectifier can be understood by refer- 
ring to Figs. 15-11 and 15-12. Assume that phase a' is 
positive and that tube 2 cannot start conduction until time 
7r/6 is reached. The anode of tube 2 is positive, and the 
tube conducts current through the load providing that one 
of tubes 4, 5, or 6 can conduct. At time 7r/6, the cathode 
of tube 4, which is connected to phase 6', is negative; there- 
fore current flows through tube 2, through the load, and 



Fig. 15*12 Rectifier voltages and currents of a three-phafie wye, 
double-way rectifier. 

transfers to tube 1. Tube 1 conducts to point 37r/2 where 
current transfers to tube 3, which conducts to point 137r/6 
where tube 2 again conducts, and the cycle of events is 
repeated. Thus each tube carries current for 120 degrees 
(assuming no overlap); a commutation occurs every 60 de- 
grees, which results in a ripple frequency of 

fr = 6/ (15-30) 

where / = supply frequency. 

The d-c output voltage is 

2\/2Ea sin — 

Ed-c = 2ME, = 1.655^ni (16-31) 

IT 

m 
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where Eg — transformer secondary voltage, rms, line to 
neutral 

Em = transformer secondary voltage, maximum, line 
to neutral 

m = number of phases. 

The volt-ampere rating and utility factor of the trans- 
former on this rectifier can be calculated in a manner similar 
to that used in the previous examples. The results are given 
in Table 15*1. The utility factors of both the primary and 
the secondary are higher than that of the three-phase rec- 
tifier. However, the rectifier uses six tubes and has the same 
average current rating as the three-phase rectifier using only 
three tubes. This prevents wide usage of the rectifier for 
high-power applications. 

No return is required to the neutral of the transformer 
secondary. In the controlled type of rectifier, to be dis- 
cussed later (Section 15-10), the three tubes whose cathodes 
are tied together are usually grounded at the cathcxle; thus 
the control circuits are placed near ground potential. 

16-8 THE SIX-PHASE RECTIFIER 

The six-phase rectifier is quite similar to the three-phase 
rectifier except that the numl)er of tubes is increased to six. 
Fig. 15-13. 



»- 



Fig. 15-14 Load voltage and current of a six-phase rectifier. 


Disregarding commutation overlap, each tube conducts 
for 60 degrees or one sixth of the cycle; therefore the utility 
factor of the secondaries of the rectifier transformer is lower 
than that of the three-phase rectifier. However, the utility 
factor of the primaries is slightly higher than that of the 
three-phase rectifier because each of the primaries supplies 
two secondaries 180 degrees out of phase. Thus the mag- 
netizing current for the transformer is reduced, and a lower 
volt-ampere rating and a higher utilization factor result. 
Nevertheless the utilization of the secondary is so poor that 
even this circuit is not used extensively for high-power 
rectifiers. 

16-9 SIX-PHASE DOUBLE-WYE RECTIFIER 

The six-phase double-wye rectifier is used as a basic circuit 
for high-power ignitron rectifiers because it produces a volt- 
age with little ripple. The utilization of the rectifier trans- 
former is high for both the primary and the secondaries. 

The circuit for the six-phase double-wye rectifier is shown 
in Fig. 15-15. The rectifier transformer has one three-phase 




Fio. 16-16 Load voltages and currents of a six-phase doublc-wye 

rectifier. 


This rectifier is one of the types used for handling large 
amounts of power. Therefore, the tubes commonly used are 
ignitrons. These tubes, like other gaseous tubes, have volt- 
age drops about 10 to 20 volts. They are efficient rectifiers. 

The ripple output from the six-phase rectifier is relatively 
small, and the ratio of average voltage to peak voltage is 
high as shown by Table 15-1. The current and voltage 
wave shapes are shown in Fig. 15 -14. 


primary. The secondary consists of two sets of three-phase 
wye-connected windings. The two sets of secondary wind- 
ings are interconnected by means of an interphase reactor 
or balancing inductor. The negative return of the rectifier 
is connected to the center tap of this inductor. In operation, 
one phase in each set of secondaries is carrying current and 
the current is divided between the two secondaries by the 
interphase reactor. Hence the instantaneous output voltage 
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is the average of the instantaneous voltages of the two sec- applied to the grids of the rectifier tubes is shifted. Details 
ondaries which are conducting. The d-c voltage of the of phase-shifting circuits are given in Chapter 18. 
rectifier is A three-phase rectifier to which phase-shift control has 

Ed^c = 1.17A% = 0.827 (15*32) been added is shown in Fig. 15*17. If the rectifier uses 

The wave forms of the output voltage and current for 
resistive and inductive loads are shown in Fig. 15 * 16. The 5 

ripple on the output voltage has a frequency of six times the 8: 

supply frequency. S 

The volt-ampere rating of each set of secondaries of the ? 
rectifier transformer is ^ 

(n? ' 2$^ ° 0.1AEa.Jd.c (15-33) 

The total volt-ampcrc rating of both secondaries is 

S = (15*34) 

The utility factor of the secondaries is 

1 

U.F. = = 0.675 (15*35) 

Fia. 15- 17 Three-phase reetifier with pha.se shifter in the grid circuit. 

The total volt-ampere rating of the primary windings is 

found as follows. The primary current is a block with a thyratron tubes, the details of oijcration are as follows. Each 
magnitude of Vih-c^NJNj,) and radians wde with a thyratron tube is capable of carrying current only when its 
positive and negative block occurring each cycle. The rins ^node voltage is po.sitive and its grid voltage is less negative 
value of this current wave is than its cntical grid voltage. By varying the phase position 




_Lr ^* 


\/t) 


N. 


(15-36) 


The total volt-ampere rating for the primary windings is 


S = 3 (— 

Vl.l 


1 

17 N, V6 


‘nJ 


= 1. 047 


The utility factor of the primaries is 


U.F. = — — = 0.955 
1.047 


(15*37) 


(15*38) 



By means of special transformer connections, more than 
two groups of three tubes can be operated to give a voltage 
wave shape equivalent to 12, 24, 36, or more phases. These 
rectifiers are discussed in Chapter 22, 

15-10 GRID-CONTROLLED RECTIFIERS 

The discussion has been limited to rectifiers using only 
diode tubes, which have no grids or control elements. All 
these rectifier circuits can be adapted for grid-controlled 
tubes so that complete control of the output voltage can be 
obtained by varying the voltage on the grids of the con- 
trolled tubes. Grid-controlled rectifiers are used when it is 
necessary to control the voltage or the current flowing into 
the load. Notable examples are the ignitron rectifiers dis- 
cussed in Chapter 22, and the rectifiers used for energy- 
storage resistance-welding discussed in Chapter 31. 

Several different methods are available for controlling the 
output of rectifiers. One of the most common is the phase- 
shift method in which the phase position of the voltages 


Sq 65 Sg Sq Sj) 



( 6 ) 

Fig. 16*18 Ix)ad voltage of a three-phase controlled rectifier, (a) 
Conduction delayed 30°. (6) Conduction delayed 60°. 

of the grid voltages, the grid voltage can be made to become 
less negative than the critical characteristic at any desired 
point while the anode of the tube is positive. Once the thyra- 
tron is conducting, it continues to conduct until the voltage 
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from anode to cathode falls below arc drop or the load cur- 
rent is commutated to the next tube. Figures 15-18 (a) and 
15-18 (6) show the output voltage wave forms for several 
different phase positions of the grid voltage. 

This methcxi of controlling the outout voltage of rectifiers 
is usually applicable only when the output voltage is to be 
controlled manually (or electrically at a relatively slow rate). 
\\Tien it is nccessjiry to vary the output voltage of a rectifier 
rapidly, the amplitude method of control is generally used. 
This type of control consists of a permanently phase-shifted 
a-c voltage plus a variable d-c voltage applied to the grids of 
the rectifier tubes. The a-c voltage is permanently phase- 
shifted by a definite amount for each rectifier tube. The 
amount of phase shift varies with the type of rectifier. For 
instance, to get complete control from zero to maximum 
voltage from a three-phase rectifier, the grid voltage must 
l)e shifted to 90 degrees lagging the anode voltage. The d-c 
grid voltage can be obtaine<l from the output of a vacuum- 
tube control circuit. By changing the voltage on the inpxit 
of the vacuum-tube control circuit the output can be changed 
rapidly, and thereby the output voltage of the rectifier is 
changed by making the grid voltage of the rectifier positive 
at different points. A circuit of this type is used for con- 
trolling the output of a rectifier for charging a large capacitor 
bank to a pre-set voltage in an energy-storage type of re- 
sistance welder discussed in Chapter 31. 


15-11 CURRENT OVERLAP AND COMMUTATION 

The reactance of the rectifier transformer has been as- 
sumed to be negligible. Also the load current is considered 
to transfer from one tube to another instantaneously at the 
point of commutation. In practice this ideal condition 
cannot be obtained. In many cases the effect of current 
overlap during the commutating period must be considered 
because it results in a decrease of output voltage. 

RECTIFER OUTPUT 





Fig. 15-19 Commutation and current overlap in a three-phaso 

rectifier. 


Figure 15-19 shows the phase voltages for two tubes in 
the three-phase rectifier of Fig. 15-8. The commutation 
period begins when becomes more positive than Ctr, if it is 
assumed that phase a' has been carrying current ia^. During 


the commutating period the rectifier output voltage is 


Cr 


Ca* 4 " ^ 6 ' 
2 


(15-39) 


Thus the output voltage of the rectifier is reduced by an 
amount proportional to the shaded area. To determine the 
voltage loss it is necessary to determine the amount of 
overlap. The voltage available for commutation is the dif- 
ference between and ea» (minus the arc drop of two tubes). 
The commutating voltage gives rise to a commutating cur- 
rent that flows around the transformer circuit closed by 
tubes 1 and 2, which conduct at the same time. The current 
is in such a direction as to increase i\ and decrease i'a. Be- 
cause the rectifier tube cannot carry current in the reverse 
direction the commutating period ends when 


= 0 


or when the commutating current is equal to Id-c* 
The loss in voltage due to commutation is 


ni\^Eg TT 

Ee = sin — (1 — cos y) (15-40) 

2^ m 


where m 
Es 


number of phases 
transformer secondary voltage 
commutation angle. 


Also 


Ec 


tnXlId-e 

27 ~ 


(15-41) 


w here m = number of phases 

Xi = transformer reactance, line to neutral 
Id^c = d-c load current. 


These equations show' that the loss in voltage due to com- 
mutation increases with the number of phases. It also in- 
creases as the commutating reactance and the load current 
are increased. 


16-12 VOLTAGE REGULATION 

The output voltage of the rectifier decreases as load cur- 
rent increases. This is caused by 

1. Copper loss in the rectifier transformers. 

2. Reactance in the rectifier transformer. 

3. Voltage drop in the rectifying elements. 

The reduction in output voltage due to copper loss in the 
transformer can be calculated by 

Pr 

Er^— (15-42) 

I d-c 

The copper loss in watts, Pr, is obtained from design or test 
data on the transformer. 

Voltage loss in the rectif 3 dng elements depends upon the 
type of rectifier used. If mercury-vapor tubes are used, the 
voltage drop will be practically constant and will be from 
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10 to 20 volts, depending upon the size and construction of where Ed^ = no-load output voltage 


the tubes. If vacuum tubes and copper oxide or selenium 
rectifiers are used, the voltage drop will vary with load cur- 
rent. The drop can be obtained from the volt-ampere charac- 
teristic of the rectifying element. 

An expression for the decrease in voltage due to commuta- 
tion is pven in Section 15‘11. 

The complete equation for the d-c output voltage of a 
mercury-arc rectifier without phase control is 

Ed-c “ Ed-o- — Xld-c - — -Eq (15-43) 

2tc Id-c 


m — phases 

X — commutating reactance 

Pr — transformer copper loss in watts 

Eq = rectifier arc drop. 
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AMPLIFIER CIRCUITS 

Reuben Lee 


AN amplifier is a device for increasing voltage, current, 
/% or power. The original wave form may or may not 
jIL be maintained; the frequency usually is. An ampli- 
fier may be mechanical, electromechanical, electromagnetic, 
or electronic, or a combination of these. The electronic 
amplifier circuit usually consists of a vacuum tube in con- 
junction with capacitors, transformers, or resistors. Input 
voltage or current is impressed on some element of the tube, 
and higher voltage or current in the output circuit results. 


16-1 AMPLIFIER POTENTIALS 


Electronic amplifiers use tubes having three or more ele- 
ments. In a triode the grid alters the voltage gradient 
between cathode and anode as shown in Fig. 16-1. It aids 



VOLTAGE GRADIENT 
IN DIODE 
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ANODE 



Eb 

POSITIVE GRID 
VOLTAGE 

NEGATIVE GRID 
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VOLTAGE GRADIENTS 
IN TRIODE 


Fia. 16-1 Diode and triode voltaRe gradients. (From Electronic 
Transformera and Circuits by Reuben Lee.) 


16*2 TRANSFORMER-COUPLED AMPLIFIERS 

Amplifier circuits in which transformers are used can be 
represented by a circuit similar to Fig. 16*2 (a). A triode is 
shown with a voltage Cc impressed upon the grid, which is 
the grid bias (a constant negative direct voltage i?r), and a 
superimposed alternating voltage e^. Anode voltage Eu in 
supplied through the primary of the transformer, across 
which appears an alternating voltage Cp. The secondary of 
the transformer is connected to a load Z^. Under certain 
conditions this circuit may be simplified to that of Fig. 
16-2(6). A fictitious alternating voltage txeg is impressed 
on the circuit, where fj, is the tube amplification factor. 



( 0 ) 


(b) 


Fio. 16-2 (a) Transformer-coupled amplifier. (6) Kqliivalent circuit 

(From Electronic Transformers and Circuits by RcuIktU I^e.) 


or opposes the movement of electrons from cathode to anode, 
depending upon whether it is positive or negative with 
respect to the cathode, which is shown at zero voltage in 
Fig. 16-1. 

As grid voltage is made more and more negative, electron 
movement is diminished, and finally stops. At this point 
the anode current is zero; the condition is called anode-current 
cufroff. 

If grid voltage is made more and more positive, eventually 
additional increase in grid voltage causes no increase of anode 
current. This is called grid saturation. 

Tetrodes and pentodes have two and three grids respec- 
tively. Voltage gradient between cathode and anode is more 
complex than that indicated in Fig. 16-1. Advantages to be 
gained from additional grids are treated in Chapter 5. 

Resistance-coupled amplifiers, as discussed in Chapter 14, 
are used mainly for voltage amplification. Large p6Wer out- 
put can be obtained only at low efficiency because of losses 
in the plate-circuit resistor.^ 


Internal tube resistance Zq is in series with Zl, which is 
reflected by the transformer to the proper value in the pri- 
mary circuit for tube operation. That is, Zj, in Fig. 16-2 (6) 
is equal to Zl in Fig. 16-2 (a) only if the transformer has a 
one-to-one ratio. For any ratio of primary to secondary 
turns the two Z’s are related by the square of the turns ratio. 
Winding resistances are regarded as zero, so that, with no 
grid signal, full voltage Et appears on the plate of the vacuum 
tube. 

Alternating voltage nCg causes voltage Cp to appear across 
Zx,. Voltage Cp is not ^ times Cg but 


Bp 


IlCg 


Zl 

Zg + Zl 


(16-1) 


Although transformer-coupled amplifiers are used sometimes 
for voltage amplification, they are used mostly where power 
output is required, and where good reproduction of the grid 
voltage is required in the plate circuit. 


246 
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16 • 3 TUNED AMPLIFIERS Relative plate and grid voltage amplitudes for these three 


Figure 16*3 is the circuit for an amplifier in which output 
voltage appears across a parallel-tuned tank circuit. The 
circuit is shown coupled to a load Zi,. This type of amplifier 
is used for relatively large outputs, but voltage Cp is not 



Pia. 10*3 Tuned amplifier. (From Electronic Transformers and 
Circuits by lieuben Lee.) 

necessarily a good reproduction of and they are not related 
according to equation 16*1. 

16-4 AMPLIFIER CLASSIFICATION 

Amplifiers can be divided into classes according to their 
mode of operation. Following are standard definitions for 
these classes. 

Class A Amplifier 

A class A amplifier is an amplifier in wUch the grid bias 
and alternating grid voltages are such that plate current in 
a specific tube flows at all times. 

Note: To denote that grid current docs not flow during any part 
of the input cycle, the subscript 1 may be added to the letter or lcttei« of 
the class identification. The subscript 2 may be used to denote that grid 
current flows during soine part of the cycle. 

Class AB Amplifier 

A class AB amplifier is an amplifier in which the grid bias 
and alternating grid voltages are such that plate current 
in a specific tube flows for appreciably more than half but 
less than the entire electrical cycle. 

Class B Amplifier 

A class B amplifier is an amplifier in which the grid bias is 
approximately equal to the cut-off value, so that the plate 
current is approximately zero when no exciting grid voltage 
is applied, and so that plate current in a specific tube flows 
for approximately one half of each cycle when an alternating 
grid voltage is applied. 

Class C Amplifier 

A class C amplifier is an amplifier in which the grid bias is 
appreciably greater than the cut-off value, so that the plate 
current in each tube is zero when no alternating grid voltage 
is applied, and so that plate current flows in a specific tube 
for appreciably less than one half of each cycle when an 
alternating grid voltage is applied. 

Classes A, B, and C are illustrated in Fig. 16-4, in which 
the alternating components of plate current, plate voltage, 
grid voltage, and grid current are shown with the steady or 
average values, which are respectively It, Ec, and Ig. 


types of amplifiers are shown in Fig. 16*4, and typical prop- 
erties are summarized in Table 16-1. 

Table 16*1 Amplifier Classes 

Amplifier Class A B C 

Anode efficiency 

(а) Theoretical 

maximum 60% 78.6% • 100% 

(б) Pract.if^al 
value for low 

distortion Up to 30% 4O%-07% • 70%-86% t 

Output propor- 
tional to Cg^ (grid saturated) 

Grid current Ig None Small Largo (may « h) 

Anode current /fr Fairly Cg ■■ 0, /6 low Cg * 0, * 0 

constant Cg » max, /& high eg » max, h high 

♦ These values are for push-pull amplifiers. 

t With a high-^ tank circuit, the efficiency de|)ends upon excitation 
powtir. 

Class A amplifiers have comparatively high no-signal 
anode current. Usually, the grid does not swing positive. 
Anode current remains comparatively constant when aver- 
aged over a whole a-c cycle. In a class B amplifier the grid 
is biased at a greater negative potential so that, with no 
signal, current is nearly cut off. Positive swings of grid volt- 
age result in anode current, which causes a dip in residual 
voltage on the plate of the amplifier. Negative grid swinge 



Fia. 16 *4 Voltage and current relations in amplifiers. (From EUc- 
Ironic Transformers and Circuits by lieuben Lee.) 


cause no plate current, but cause a positive plate-voltage 
swing. In a class C amplifier the grid is biased more nega- 
tively still, so plate current lasts less than half a cycle, and 
mostly when the plate voltage on the tube is at a relatively low 
value. Grid-current values are comparable with plate current. 
Output-voltage wave form is maintained by the tank circuit. 
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Operation may be improved by the use of two tubes con- 
nect^ in push-pull as shown in Fig. 16-5. This is the most 
common connection for class B amplifiers; it is also used in 
some class A amplifiers. Intermediate between class A and 


Flo. 16-5 



Push-pull transformer-coupled amplifier. (From Electronic 
Traru^ormera and Circuiia by Ileulnm Lee.) 


class B amplifiers are those known as class AB, with grid 
bias and efficiency intermediate between class A and class B. 
Such amplifiers are further subdivided into class ABi and 
class AB 2 . A class ABi amplifier draws no grid current, but 
bias voltage is somewhat higher than the class A bias, and 
plate current may be discontinuous during the cycle when a 
grid signal is applied. Class AB 2 amplifiers draw grid cur- 
rent, but are not biased as close to cut-off as arc class B 
amplifiers. Both class ABj and AB 2 are commonly used 
with the push-pull connection. 


16-6 ANODE CHARACTERISTICS 

Anode characteristics of vacuum tubes are commonly 
given in the form shown in Fig. 16 ‘6, which applies specifi- 


source. It can be computed from the curves by measuring 
the change in plate voltage for a given change in plate cur- 
rent, with grid voltage constant. Amplification factor is the 
change in plate voltage for a given change in grid voltage, 
with plate current constant. Mutual conductance is the 
change of plate current for a given change in grid voltage, 
plate voltage being constant. 

All three properties are measured under class A conditions 
at small a-c grid-voltage amplitudes. By measuring change 
in plate voltage for a given change in plate current in Fig. 
16*6 the three properties are 


rp 


M 


Om 


Afp 1 


Aip i — e slope 
1920 - 1770 

= 1500 oluns 

0.300 - 0.200 

Ar'p 19.30 - 1530 

- = = 20 

20 

At'p _ 0.510 - 0.200 
A( „ ” ^ 

0.0155 mhos = 15,500 micromhos 


Two c s and two fs are involvc^d. Which one to use for a 
given property must be determined by which of the three 
variables is held constant; grid voltage, plate current, or 
plate voltage. The values of r,, and m agree closely with those 
given for the 851 tube in the manufacturer's handbook. The 
accuracy obtained here is the best that can be e.xpected from 
vacuum-tube curves. Variations from one tube to another 
are much greater than the difference between calculated and 
published values. 



Fia. 16*6 Anode characteristics of 851 tul^s. (From Electronic Tranaformera and Circuiia by Reuben Leo.) 


cally to the type 851 tube, a large air-cooled triode. Three 
common properties of a tube can be found from such charac- 
teristics: plate resistance rp, amplification factor and 
mutual conductance gn- In Fig. 16*2(6), plate resistance 
is the impedance Z^, which represents the impedance of the 


In a class A amplifier the static, or no-signal, condition of 
the 851 is Ef, “ 1920 volts, Ec — —QO volts, and ** 300 
milliamperes. These values establish the operating point P 
in Fig. 16 *6. A load of 8800 ohms is used for the first exam- 
ple. A maximum grid swing of 54 volts is assumed; that is, 
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the grid swings from —6 to —114 volts on alternate half 
cycles. The 8800-ohm load line can be constructed in Fig. 
16*6 as follows: 100 milliamperes plate-current swing times 
8800 ohms gives 880 volts plate- voltage swing. Adding 
100 milliamperes to 300 gives 400 plate milliamperes. Sub- 
tracting 880 volts from 1920 gives 1040 instantaneous plate 
voltage corresponding to the 100 milliamperes increase in 
plate current. This gives one point on the load line. Now a 
straight line is drawn between this point and the static 
point P, The ends of the load line are determined by the 
peak grid swings of -6 and -114. If now a sinusoidal grid 
voltage is assumed, plate current and plate voltage are 
sinusoidal also; that is, all points lie on the straight line 
representing an 8800-ohm load. This calculation may be 
checked by Table 16-2. 

Table 16*2 861 Tkiode Operation with T^oad Line ~ 8800 Ohms 


Kb ■■ 1920 volts Peak gri(l-volt.age swing * 54 volts « eg 
■■ "”00 volts Ic * 0.300 ampere 
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8in B 

Vg .sin B 

€c 
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0 

-60 

1920 

0.300 

30 

0.5 

27 

-33 

1440 

0.355 

GO 

0.866 

47 

-13 

1090 

0.395 

90 

1.0 

54 

-6 

960 

0.410 

120 

0.866 

47 

-13 

1090 

0.395 

160 

0.5 

27 

-33 

1440 

0.355 

180 

0 

0 

-60 

1920 

0.300 

210 

-0.5 

-27 

-87 

2400 

0.245 

240 

-0.866 

-47 

-107 

2750 

0.205 

270 

-l.O 

-54 

-114 

2880 

0.190 

300 

-0.866 

-47 

-107 

2750 

0.205 

330 

-0.5 

-27 

-87 

2400 

0.245 

3G0 

-0 

0 

-60 

1920 

0.300 


Equal grid-voltage swings give equal plate-current and 
plate-voltage swings on this load line, and therefore the tube 
acts as a linear impedance. For such a load line, the circuit 
of Fig. 16*2 (b) correctly represents amplifier performance. 
In spite of the large voltage swing, power output is low 
because of the small plate-current swing. Peak a-c output 
is 0.11 times 960, or 105 watts. Multiplying each of these 
peak values by 0.707 to obtain ims values gives 52.5 watts 
average output from the tube. This is far below its capa- 
bilities. Power input is 300 milliamperes times 1920 volts, 
or 576 watts. Efficiency therefore is only 9.1 percent. 

Next consider a 1500-ohm load line. Using the same 
peak-to-peak grid voltage, the positive voltage swing 
is 2400 — 1920 = 480 volts. Aip is 275 milliamperes, 
and AcpAip = 132 watts peak output. Negative Acp 
= 1920 — 1300 = 620 volts, Atp = 330 milliamperes, and 
AOpAip = 205 watts peak output. Average output then is 
(205 -f 132)/4 = 84 watts, and efficiency is 14.6 percent. 
But the large difference in positive and negative plate-voltage 
swings causes harmonic distortion. Distortion is less with a 
3000-ohm load or 2rp. This is the load generally given for 
triodes, and is known as the maximum undistorted power- 
output (UPO) load. 

Suppose the tube of Fig. 16*6 were biased at —114 volts, 
the plate voltage raised to 2400, and the signal voltage 
doubled to 108 volts. Using the 1500-ohm load line, the 
positive plate current peak is 665 milliamperes and 
Acp = 1070. This gives a peak power of 710 watts or an 


average of 366. This power is for only one half cycle, because 
anode current is cut off in the other half cycle but, if for the 
second half cycle another tube is operating in the push-pull 
connection, then average power for the whole cycle will be 
355 watts. Average current in one tube will be 665/7r = 212 
milliamperes, and in the two tubes 424 milliamperes. This 
is a power input of 1020 watts, so efficiency is 35 percent. 
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Fig. 16*7 Class B push-pull operation of 851 tubes. (From Elec-- 
Ironic Transformers and Circuits by Reuben Lee.) 


This efficiency and increased power input are still below the 
capabilities of the two tubes in push-pull class B, but they 
indicate how the efficiency of a pair of tubes can be increased 
by departing from class A conditions. 

The turns ratio for a given load resistance is different for 
class A and class B amplifiers. For example, if Zl in Fig. 
16 • 5 is 1500 ohms, and this is to be reflected as 1500 ohms in 
the plate circuit of each tube in a class A amplifier, then the 
turns ratio is 1.41 step-down. This ratio changes the im- 
pedance to 3000 ohms for the whole primary winding. Since 
both tubes are working all the time, this is the same as 
1500 ohms in each plate circuit. In a class B amplifier, only 
one tube works at a time. The turns ratio in this example 
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from one half of the primary to the whole of the secondary 
is 1 to 1. The turns ratio for the whole primary to the second- 
ary is 2 to 1. 

Operation of class B amplifiers is easier to understand from 
inverted plate characteristics, plotted as in Fig. 16 -7. A 
wider range of plate current is used. Plate voltage may swing 
as low as the “diode” line {Ee = Et). Operating points P 
and P’ are on the same vertical line, which represents the 



Fio. 16-8 Grid-current curves of 851 tubes. (From Eledronie Tram- 
formers arul Circuits by lUiuben Lee.) 

same plate voltage. Because the tubes are not quite biased 
to cut-oflf, the composite load line has a somewhat greater 
slope than the load line of either tube. While one tube gives 
up the load and the other accepts it, there is a short period 
each half cycle during which both tubes are active. The 
slope of the load line of the first tube decreases, and that of 
the second tube increases until it assumes the whole load. 
During this period tubes change from class B to class A 
operation and vice versa. 

Plate-current swing is from zero to 2.5 amperes for each 
tube, and plate voltage swing is 1700 volts. Power output 
is 2.5 X (1700/2) = 2100 watts. Power input is approxi- 
mately 2 X (2.5/7r) amperes, or 1.59 amperes X 2000 volts 
= 3180 watts. Efficiency is 2100/3180 or 66 percent. 

In a class C amplifier load lines like those for class B or 
class A operation are not feasible. The load changes from 
infinity at zero plate ciurent to a low value at Tn Fig. 
16*4. On the assumption that the tank circuit maintains 
sinusoidal alternating plate voltage, and the alternating 


component of grid voltage is also sinusoidal, instantaneous 
plate currents can be determined from the plate-current 
characteristics, in a manner similar to that given for class A 
amplifiers. The same procedure can be used for finding grid 
current and grid power. See Table 16*3. 


Table 16-3 851 Triode Class C Amplifier 


Eh — 2000 volts eg =» 426 volts peak 

Ec “ —200 volts Data taken from Figs. 16-7 and 16*8. 
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0.10 
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13 

-800 

1,200 

0.85 
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0.02 
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0.643 
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73 
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0.10 

60 

0.766 
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3,180 

0.14 

60 

0.866 

368 
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-1,385 

615 

3.20 

4,430 

0.30 

70 

0.940 

400 

200 

-1,505 

495 

3.85 
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0.55 

80 
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419 
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-1,675 
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4.00 

6,300 

0.76 

90 

1.0 

426 

225 

-1,600 

400 

4.00 
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20.46 28,735 2.67 

During the next 90 degrees the same hgures may be put down in 
reverse order, but for negative the output is zero. The table contains 
10 ordinates, so averages are the sums divided by 20. 


20.45 

20 


1.023 amperes ■■ It 


Power input Ehh “ 2,000 X 1.023 — 2,045 watts 
28,735 


20 


1,436 average watts output 


Plate dissipation ** 2,045 — 1,436 * 609 watts 

Plate efficiency — — =■ 70.4 percent 
2,045 

Excitation power e.g (max) Ig ■■ 425 X 0.134 « 57 watts 


Calculations for class C amplifiers are simplified by the use 
of constant-current curves, such as those mentioned in Chap- 
ter 5. Under the conditions of constant plate current, grid 
and plate a-c components of voltage are related linearly, so a 
straight line can be drawn to connect these two quantities 
on the constant-current characteristics. Instantaneous 
values of plate voltage and current and of grid voltage and 
current still must be tabulated, though, to determine output, 
input, and efficiency The value for Emin in 1^'ig- lb *4 must 
be chosen carefully. The smaller Emin> the higher the plate 
efficiency, because virtually all the plate current is drawn 
at or near this plate voltage. However, if it is too low, the 
positive grid-voltage siving becomes higher than Emin, and 
the grid draws heavy current which subtracts from the 
plate current, thus causing a saddle in the top of the plate- 
current wave, as shown in Fig. 16 • 4. This not only decreases 
plate efficiency, but also increases the required grid excita- 
tion, which in turn requires more power from the driver. 
Ordinarily, Emin is from 10 to 25 percent of E^. 

In plate-modulated class C amplifiers, excitation must be 
large enough to cause grid saturation at 100 percent modu- 
lation; otherwise output would not be proportional to plate 
voltage, and the modulator would not modulate linearly. 
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16.6 TUBE CAPACITANCE 

Capacitance between anode and cathode, grid and cathode, 
and grid and anode may be large enough in triode amplifiers 
to interfere with normal operation at radio frequencies, and 
in high-gain amplifiers at much lower frequencies. The input 
capacitance of a triode is given by this equation: * 

^input = Cg-f + (a + 1)Cq.p (16-2) 

where Cq-f = grid-to-cathode capacitance 
Cg-p = grid-to-anode capacitance 
a = voltage gain of the stage. 

Grid-to-anode capacitance in a stage with high voltage 
gain is likely to cause a large effective input capacitance, 
which may lower the impedance of the exciting amplifier 
and so decrease the overall gain, and may cause regenera- 
tion at high frequencies. In Fig. 16*9 the alternating com- 
ponent of voltage at point A is opposite in phase to that of 
the grid. Capacitance between anode and grid may be high 
enough to allow a large current and thus cause unwanted 
oscillations at frequencies determined by tube capacitance 
and other circuit elements. In tuned amplifiers of this kind, 
the grid-to-anode capacitance is neutralized by the addition 
of a variable capacitor C'. The tank (ioil has extra turns 
fi-C in which a voltage is induced opposite in phase to that 
across A~B, With the proper setting of C' the grid can be 
adjusted to the same alternating potential as point B on the 
coil. Since point B is effectively by-passed for the operating 
frequency, feedback voltages cancel at the grid, and regen- 
eration is prevented. C' is set by disconnecting anode supply 
Eb from the tube and applying excitation on the grid. If a 


operated at a positive potential with a-c by-pass to reduce 
grid-to-anode capacitance. The chief disadvantage of a 
screen-grid power tube is that anode-voltage swing is limited 
to the difference between anode voltage and screen voltage. 
The disadvantage is overcome by the addition of a third 
grid known as the suppressor j which removes this limitation 



and allows larger anode-voltage swings down to the diode 
line of the tube. Sometimes the third electrode is connected 
internally to the cathode. Similar characteristics are ob- 
tained with so-called beam tubes, which are tetrodes with 
special screen-grid spacings. 

Figure 16-10 shows 6L6 beam-tube plate characteristics, 
with a typical load line of 2500 ohms. As a single-side 
amplifier, such a tube is likely to produce distortion because 
of the uneven spacing of constant-grid-voltage lines. Dis- 
tortion is reduced in a push-pull amplifier, especially at high 
power output. Plate resistance rp is high in pentodes and 
beam tubes — about 10 times the load resistance. 



Fia. 16*10 Plato characteristics of 6L6 tubes. (From Electronic Transformers and Circuits by Reuben Lee.) 


sensitive radio-frequency ammeter is loosely coupled to the 
tank coil, and C' is varied until the ammeter reads zero, 
neutralization is correct. 

The tetrode was developed with an additional grid between 
anode and control grid to reduce grid-to-anode capacitance. 
This additional grid is known as the screen grid, and it is 


At very high radio frequencies, tube dimensions become 
too small for screen and suppressor grids, and triodes are 
used in grounded-grid circuits like that of Fig. 16-11. Exci- 
tation is applied in the cathode circuit, and at high fre- 
quencies this is a transmission line. With this circuit no 
neutralization is required, for the grid is already at groimd 
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potential. The plate efficiency apparently may exceed 
100 percent because part of the output is fed directly from 
the input circuit. 



Fig. 16*11 Groundcd-grid amplifier. 


16-7 DIRECT COUPLING 

In addition to the transformer coupling and resistance- 
capacitance coupling, direct coupling from one stage to 
another is used. Sometimes this is done inside the envelopes 
of small tubes. Figure 16 • 12 shows the internal connection 
of a 6N6 direct-coupled power-amplifier tube, in which the 
right-hand triode drives the left-hand triode. Direct-coupled 
amplifiers are used for amplifying direct currents, wliich 
cannot be amplified in circuits with transformers or capac- 
itors. Stability in d-c amplifiers is attained only by careful 
control of the various grid and plate potentials,^ because a 
change in them has the effect of a change in amplifie>ation. 
Direct-coupled amplifiers are used occasionally in a-c ampli- 
fiers at low frequencies to avoid the use of large capacitors 
or transformers. 

16*8 AMPLIFIER STABILITY 

In the constniction of an amplifier, precautions must be 
observed to eliminate improper operation. Local or parasitic 
oscillations may appear at the natural resonant frequencies 
of circuit elements, connections, and tube electrodes. These 
oscillations can be detected and eliminated. Some of them 
can be avoided at the outset if short leads are used, espe- 
cially in the grid circuit. If tubes are connected in parallel, 
resistors are used in the plate and grid leads to damp the 



Fig. 16 12 Internal con- Fig. 16*13 Cathode bias. (From 

nection of a 6N6 direct- Electronic Transformern and Cir- 

coupled amplifier tube. cuitc by Reuben Lee.) 


oscillations. Coils in circuits with widely different voltages 
are coupled loosely to prevent regeneration. In high-voltage 
circuits and circuits carrying large currents, shielding is 
used to prevent stray pick-up from one stage to another. If 
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some circuit element in a push-pull amplifier is unbalanced, 
it may cause a push-push oscillation which can be eliminated 
by better balance, or by decoupling the tube plates at the 
unwanted frequency. Insufficient by-pass capacitance on 
plate or bias supplies may cause interstage coupling at low 
frequencies. The frequencies may be less than one cycle 
per second. This kind of instability is known as motor- 
boating. 

If tubes are operated so that some electrode becomes a 
negative resistance during part of the cycle, oscillations may 
result which cannot be prevented except by avoiding the 
cause, or by some power-absorbing circuit which does not 
affect normal operation. Detection and elimination of this 
type of trouble require skill and judgment. 

16*9 GRID BIAS 

Grid-bias potential may be obtained from a separate bias 
rectifier, battery, or generator through a grid leak as in 
Fig. 16-9. This is called fixed bias. A class C amplifier grid 
can also be biased by its own rectifier action. Alternating 
voltage €g from the exciter causes direct current in Zc- 

Polarity of the rectified voltage is such that the grid end 
of impedance is negative with respect to the other end. 
Sometimes combinations of fixed and grid-leak bias are used, 
especially in modulated class C amplifiers, because the two 
types of biasing arrangements produce opposing effects which 
cancel distortion of the modulation envelope.* 

Bias can be obtained from a plate supply of the potenti- 
ometer type by connecting the potentiometer tap to ground, 
with one end of the potentiometer for plate voltage and the 
other end for grid voltage. The chief disadvantage is that 
part of the potentiometer must carry plate current. If the 
potentiometer resistance can be made low enough, this type 
of operation is practicable and saves a separate bias supply. 

Cathode bias is shown in Fig. 16 * 13. Plate current through 
resistor R makes the cathode positive with respect to the 
grid and has the same effect as a negative voltage on the grid. 
R normally is shunted by capacitor C to by-pass variations 
in plate current and thus provide steady bias. This method 
is used widely with class A amplifiers in which there is no 
grid current and the bias cannot be developed across a grid 
leak. 

16-10 INVERSE FEEDBACK 

If part of the output is fed back to the input in such a way 
as to oppose it, the ripple, distortion, and frequency-response 
deviations in the output are reduced. Gain is reduced also, 
but with high-gain tubes an extra stage or two compensates 
for the reduction in gain caused by inverse feedback, and 
the improvement in performance usually justifies the extra 
stage or stages. In the amplifier of Fig. 16-14, a tapped 
resistor is shown across output voltage J?o> of this 

output is fed back so that the input to the amplifier is 

E 2 ^ El- BEo (16-3) 

B is the portion of Eq which is fed back. If a is the voltage 
amplification, if Er and Er are the ripple and distortion in 
the output without feedback, and if a', E^r^ and E*h are the 
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same properties with feedback, the following equations 
express Aq, when it is assumed that a, Er, and Eh are inde- 
pendent: 

Without feedback, 


With feedback, 


a 


E'h « 


Er + Eh 

(16-4) 

E^r + E'h 

showm that ® 

(16-5) 

1 

ji 

(16-6) 

Er 

ali 

(16-7) 

E'h 

aB 

(16-8) 


With high-gain amplifiers and large amounts of feedback, 
the output ripple and harmonic distortion can be made 



Fia. 16*14 Voltage feedback. (From Electronic Transformers ami 
Circuits by Reulxm lA»e.) 


taper off gradually to prevent oscillation.^ Phase shift in 
transformer-coupled amplifiers is shown in Figs. 16*15 and 
16*16 at low and high frequencies respectively. At high fre- 
quencies, 180-degree phase shift is possible; at low frequencies 
only 90 degrees is possible. In a resistance-coupled ampli- 
fier, phase shift is only 90 degrees at either low or high fre- 
quencies. Partly for this reason, partly because there is less 
capacitance in resistors than in transformers and good re- 
sponse is maintained at higher frequencies, it is in resistance- 
coupled amplifiers that inverse feedback is usually employed. 
However, if the distortion of a final stage is to be reduced, 
transformer coupling is involved. It is preferable to derive 
feedback voltage from the primary side of the output trans- 
former. This is equivalent to tapping between Ri and Xl 
in Fig. 16*16, where the phase shift is much less. The trans- 
former must still present a load of fairly high impedance to 



Fig. 16 * 16 Transformer-coupled amplifier high-frequency phase shift. 
(From Electronic Transformers ami Circuits by Reuben Lee.) 


small. Also, frequency response can be made flat, even with 
mediocre components. Inverse feedback is not used in 
class C amplifiers, because output and input are not linearly 
related. 

Distributed capacitance and leakage inductance must be 
carefully matched in the inverse-feedback cinaiit so that the 
phase shift around the loop does not become 180 degrees. 
If it should come near this value, the inverse feedback turns 
into regenerative feedback and the amplifier becomes an 
oscillator at a frequency determined by the circuit constants. 



Fig. 16*16 Trannformer-coupled amplifier low-frequcncy phase shift. 
(From Electronic Transformers and Circuits by Reuljen Lee.) 

To correct for distortion over a frequency range from 30 to 

10.000 cycles, the amplifier should have low phase shift over 
a much wider range, say from 10 to 30,000 cycles. In the 
frequency interval from 10 to 30 cycles and from 10,000 to 

30.000 cycles, both the amplifier and feedback circuits should 


the output tube throughout the marginal frequency intervals 
to permit gradual decrease of both amplification and feed- 
back. 

Current feedback is produced in the circuit of Fig. 16*13 
by removing capacitor C. This introduces degeneration in 
the cathode-resistor circuit, and thus accomplishes the same 
thing as the bucking action of voltage feedback. It is also 
less affected by phase shift, and consequently is used in trans- 
foraier-coupled amplifiers. 

16- 11 DISTORTION 

The effect of low load impedance on distortion has already 
been mentioned, and so has the reduction of this distortion 
by means of feedback. Distortion is much greater with 
pentode or beam-tube amplifiers because of their non-uniform 
anode characteristics. See Fig. 16*10. The effect of a reac- 
tive load also is greater; it can be found for any amplifier by 
shifting plate current with respect to grid voltage for any 
angle of lag or lead. Table 16*4 gives a set of values for a 
load with a 30-degree phase angle. The load line becomes 
an ellipse, as shown in Fig. 16*17, and the wave form is dis- 
torted somewhat as in Fig. 16*18, which is typical of lightly 
loaded triodes. Distortion with heavier loads or with pen- 
todes is much greater. 

With a reactive load, efficiency and output are reduced, 
and plate dissipation is increased. In Fig. 16*17, the area 
of the ellipse represents powder w^hich diminishes the tube 
output and adds to plate dissipation. High open-circuit 
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reactance in the transformer is necessary to prevent these Harmonics in the output may be analyzed by the usual 
undesirable effects. Fourier method or by simplifications of it.“ 


Table 16-4 Reactive Load Voltages and Currents 

Eb * 1920 volts 

Peak grid swing =» 54 volts 

Ec • —60 volts !b * 0.300 ampere 

Assume plate current lags fg by 30 degrees. 
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Fig. 16 *17 851 triode with reactive load. (From Electronic Trane- 
formers and Circuits by Reuben Lee.) 


If the amplifier is transformer coupled, the third harmonic 
in the magnetizing current causes distortion also. It can be 
found from the following formula: “ 


Ej IfXN \ 4xJ 

where Eh = harmonic voltage amplitude 

Ef fundamental voltage amplitude 
Ih =* harmonic current 
7/ = fundamental current 
R RiR2/{fi\ R^- 


(16-9) 


/?!, /Ja, and Xn are as shown in Fig. 16 ‘IS. Table 16*5 
gives typical third- and fifth-harmonic currents for silicon- 
steel laminations, from which the corresponding distortion 
in equation 16-9 can be calculated. Since the fifth har- 
monic adds in quadrature to the third, it is safe to say that 
thp major component of distortion in magnetizing current is 
third harmonic. 

The effect of modulation on the distortion in tuned-output 
circuits is discussed in Chapter 12. 


Table 16-5 Harmonic Components in Typical Silicon-Steel 
Magnetizing Current with Zero-Impedance Source 


Bm 

Percentage of 

Percentage of 

(gauss) 

3rd Harmonic 

5th Harmonic 

100 

4 

1 

500 

7 

1.5 

1,000 

9 

2.0 

3,000 

15 

2.5 

5,000 

20 

3.0 

10,000 

30 

5.0 



Fig. 16*18 Plate voltage wave forms with zero and 30° phase angle. 
(From Electronic Transformers and Circuits by Reulx‘n Lee.) 


16-12 CATHODE FOLLOWER 

A special case of current feedback occurs in the circuit of 
Fig. 16*19, which is known as the cathode-follower circuit.’^ 
The anode is connected to the high-voltage supply Eb with- 
out any intervening impedance, so that for alternating cur- 
rents it is virtually grounded. Grid voltage eg must be large 



Fig. 16*19 Cathode follower. (From Electronic Transformers and 
Circuits by Reuben Lee.) 

enough to include the output Eq plus normal peak grid-to- 
cathode voltage. However, grid power is still the same as 
it would be if the cathode were grounded. This circuit is 
used if the output impedance Zl is variable or of low power 
factor, so that full output from the tube would be difficult to 
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produce in it. It has a low internal effective impedance as 
far as the output is concerned. It is approximately equal to 
the normal plate resistance Vp divided by the amplification 
factor of the tube. This is equivalent to saying that the 
effective internal impedance is approximately the reciprocal 
of the mutual conductance Qm for class A or class B amplifiers. 
I'he cathode follower has been used to drive grids in class B 
modulator tubes, whi(;h arc highly variable loads. It pro- 
duces nearly constant voltage output in such loads, and 
reduces distortion, but does not reduce plate dissipation with 
reactive loads. 

16-13 MODULATION 

Modulation is of two main types: amplitude modulation 
and frequency modulation.^ 

A carrier-frequency wave, the amplitude of which is varied 
or modulated at audio-frequency rates, has a shape similar 
to that shown in Fig. 16 *20. The first few carrier-frequency 
cycles are shown unmodulated; the amplitude is then con- 
stant, and for this portion of the figure the wave, if it is of 
pure sine form, can be expressed by 

e — EmiUct (16-10) 

where E is the peak amplitude and Wr is 27r times the carrier 
frequency. The modulated wave varies in amplitude above 
and below E. If this variation also is sinusoidal, the equation 
for the modulated wave is 

e - E sin corf(l + M sin wj) (16-11) 

o)a being 2r times the modulating frequency, and M being 


Amplitude modulation usually is accomplished in one of 
two ways. In high-level modulation, the final carrier- 
amplifier plate voltage is connected with a modulation choke 
or transformer between the high-voltage plate supply and 
the power-amplifier input. In low-level modulation, some 
low-power driver stage is plate-modulated, and succeeding 



stages amplify the modulated wave to the desired output 
level. In all stages after the modulated stage, the amplifiers 
are operated class B with tuned-plate circuits. With zero 
modulation, the plate-voltage swing and efficiency are low, 
about 30 percent. At 100 percent modulation, efficiency 
increases to 60 percent because of the larger grid- and plate- 
voltage swings. Amplifier plate current remains almost con- 
stant. This system is still in use in low-power amplifiers, 
especially those for intermittent operation. Figure 16*21 
shows a low-level modulator amplifier chain. 

In high-level modulation, power-amplifier efficiency is 
high at all times. Modulator efficiency increases with per- 
centage modulation as in Fig. 16-22. The main disadvan- 



the percentage of modulation or amplitude variation. This 
equation can be transformed into 


ME ^ ^ ME ^ ^ . 

e — Esin (act H cos (a>c — Wa)f — cos (w*. + o)a)t 

2 ^ (1612 


The right-hand terms signify, in order, the waves of carrier, 
lower-sideband, and upper-sideband frequencies. 


tage is the large size of the high-power audio components. 
However, it is widely used in large amplifiers because of the 
power saving in continuous operation. Figure 16*23 is a 
diagram of an audio amplifier and modulator. The modula- 
tor has an output of 800 watts and is suitable for modulating 
a power-amplifier input of 1600 watts. The upper connec- 
tion from the modulator output could be made to the lower 
end of the tank coil in Fig. 16*3. This amplifier has several 
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interesting features. Inverse feedback is applied from the 
plates of the modulators to the cathodes of the first amplifier 
tubes. All stages are resistance-coupled except the output. 



Fio. 16*22 Modulator properties vary with percentage modulation.^ 


Current feedback is used in the first two stages, and a cathode 
follower is used to couple the driver to the modulator. The 
output transformer is shunted by a carrier-frequency capaci- 


tor Cl, and the choke RFC in the power-amplifier input lead 
is of carrier-frequency proportions also. These elements are 
added to obtain more uniform output impedance at high 
audio frequencies, the benefits of which are discussed in 
Chapter 13. Separate plate meters are provided for the 
tubes in the last two stages. Grid resistors are used for 
parasitic suppression in the last three stages. 

Frequency modulation is produced by varying the fre- 
quency of the carrier-frequency oscillator in proportion to 
the amount of audio voltage applied, and at a rate propor- 
tional to the audio frequency. A frequency-modulated wave 
has constant amplitude but variable frequency like that 
shown in Fig. 16*24. It can be expressed by the following 
equation: 

e ^ E sin (a>c< + m/ sin cj/t) (16 * 13) 

where E = peak amplitude of carrier wave 
«c = 27r X carrier frequency 
0 )/ ^ 2ir X modulating frequency 
variation of carrier frequency 

tn^ 

modulating frequency 
*■ modulation index. 

For high fidelity this wave is composed of many frequency 
components of appreciable amplitude which reejuire large 
sidebands compared with those of the amplitude-modulation 
system. For example, in broadcast frequency-modulated 
transmitters, the carrier frequency is about 100 megacycles 
and the sidebands are 75 kilocycles wide. The frequency- 
modulation system is therefore applicable mainly to very- 
high-frequency transmission.* 

The useful part of a modulated wave is in the sidebands. 
If the carrier frequency is suppressed entirely, and only the 
sidebands are transmitted, it is still possible to transmit all 





Fig. 16*23 Audio amplifier for high-level modulator. (From Electronic Transformers and Circuits by Reuben Lee.) 
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the communication, signal, or control for which modulation 
is used. If the upper sideband is separated from the lower, 
and only one sideband is transmitted, it is called single- 
sideband transmission. Amplification of single-sideband 



Fig. 16*24 Frequency-modulated wave. 

output results in higher power from the same output tubes 
for a given amount of intelligence transmitted.® Carrier 
voltage may be suppressed as shown in Fig. 16 -25. 

A modulator using rectifying elements can be made as 
shown in Fig. 16-26. Such modulators ordinarily are em- 
ployed at low to medium radio frequencies and at low power 
level; amplitude is increased by successive amplification. 
Rectifiers often arc of the metal types. The carrier is sup- 
pressed in the circuit of Fig. 16-26, and double-sideband 
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no plate-voltage increase with modulation and no increase 
in power output on modulation peaks. The same is true if 
the suppressor grid of a pentode is modulated. Both systems 
require relatively little power from the modulator, but they 
decrease the average power when modulation is applied. 
They are valuable if power requirements with modulation 
are small in comparison with the unmodulated carrier power. 

16.14 AUTOMATIC GAIN CONTROL 

Vacuum-tube amplification factor is not constant under 
all conditions of operation. For example, in the vicinity of 
the operating point P in Fig. 16-6, the amplification factor 
is constant. If the data are expanded to take into account 
high-current operation as in Fig. 16-7, the amplification fac- 
tor in the region of high anode current and low anode voltage 
is no longer constant. 

Some tubes are designed wdth large variations in amplifi- 
cation factor. These are known as variable-mu, remote 
cut-off, or super-control tubes. Their mutual conductance 
is highly variable with grid bias. Figure 16-27 (a) is the 
curve of mutual conductance for a tube of this kind. Such a 
characteristic can be used to reduce gain at high amplitudes 


Automatic Gain Control 




Fig. 16-26 Suppresssod carrier and single-sideband output. 


output is obtained. Single-sideband output can be obtained 
with special connections.^* 

If the audio or modulating frequency is close to the carrier 
frequency, tuned circuits do not respond properly unless 
they are tuned broadly. Distortion caused by power-ampli- 
fier output circuits is a function of the ratio of modulating 
frequency to carrier frequency. In an inductively coupled 
amplifier with tuning on both primary and secondary, the 
tuning curve is made flat on the top throughout the sideband 


MODULATING 
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Ft 
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VOLTAGE 


DOUBLE 
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Fig. 16-26 Modulation with metal rectifier. 


range for good audio response. These subjects arc discussed 
in Chapter 12. 

It is possible to amplitude-modulate by applying modu- 
lating voltage to the screen grid of a tetrode. The tube is 
operated at full output with no modulation. Modulation 
then produces a decrease in average power, because there is 


and thus prevent overmodulation in audio systems. Figure 
16-27 (6) shows a circuit that reduces gain automatically for 
excessive values of applied voltage Cg on the grid of the 
6SK7 tube. This tube drives a 6L6 beam-pow’er tube, the 
output of which is delivered through transformer Ti, On 
this transformer is an auxiliary winding <82, which is con- 
nected to rectifier tube 6H6-1 and produces the rectified 
output across resistor /J2, having a negative potential at the 
point shown. With large signals the voltage rectified across 
R 2 is large, and it reduces the mutual conductance and plate- 
voltage swing of the 6SK7 tube. Nearly constant voltage is 
maintained in the 6L6 output. 

If the power output of the 6L6 tube is delivered mainly 
into a linear a-c impedance, the slight additional load im- 
posed by the gain control makes little difference. But, if 
all the output is delivered to rectifier loads, as it is in Fig. 
16-27 (6), the non-linearity of both tube and load cause 
output distortion. This is true particularly of beam or pen- 
tode output tubes. The normal class A output of a 6L6 
beam tube is 6 watts but, if output power is all rectified, 
only 50 milliwatts can be drawn without excessive distortion. 
Half-wave rectifiers and capacitor-input filter outputs are 
worst in this respect, because of the current discontinuities. 
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If the rectifier input of the automatic gain control is taken 
from a tuned amplifier, these difficulties decrease. The 
tuned-circuit capacitor readily supplies irregular current 



Fiq. 16*27 (a) Variable-mu tube 6SK7 mutual conductance char- 
acteristics. (From Electronic Trarutfortners and Circuits by lleuben Lee.) 

wave forms, provided the amplifier has sufficient power 
output available. 

Automatic volume control {AVC) in receivers is applied 
to either the radio-frequency or audio stages to maintain 
approximately constant volume in spite of fading or other 


causes of input-voltage variations. It is employed in audio 
amplifiers to maintain more uniform output volume with 
differing voice levels. In some amplifiers more than one 
stage is controlled, and the AVC action is amplified. 

If the input grid resistor R\ in Fig. 16*27 (6) is connected 
to a fixed negative bias the AVC does not operate below the 
value of bias voltage. This is called delayed AVC\ wth it, 
no AVC is applied until a certain output level is reached. 

16-16 DEMODULATION 

In the circuit of Fig. 16-27 (6) demodulation is accom- 
plished by means of a diode 6H6-2. Each half of the radio- 
frequency cycle is rectified and filtered by Li and Cj, and 
the d-c power is absorbed in resistor R 3 , Audio power is 
by-passed around R 3 by capacitor C 2 , and audio voltage is 
impressed upon the primary of transformer T 2 . If an ampli- 
tude-modulated wave is used in this amplifier, voltage eg 
has the wave form of Fig. 16*20, and the output voltage 
across Li has the form shown in Fig. 16*28. The first few 
cycles are shown as full-wave rectified loops having a con- 
stant amplitude, that is, with no modulation. Audio output 
for this section of the wave is zero. Sinusoidal 100 percent 
modulation is shown in the rest of the figure. Average volt- 
age left after the carrier-frequency half loops have been 
absorbed by the radio-frequency filter LiCi is the audio 
voltage impressed on transformer ^ 2 . 

The method just described is known as diode demodulation. 
It is often accomplished by means of a single diode, with 
alternate lobes of the wave in Fig. 16*28 omitted. Triodes 
also are used for demodulation, with some amplification of 
the demodulated wave. 

Similar circuits are used in power-line carrier receivers. 
The carrier frequency is from 50 to 150 kilocycles, and audio 
frequencies are employed for modulation. Transformer Ti 
not only operates over the carrier-frequency range, but also 



Fig. 16*27 (6) Automatic gain control and detector circuit. (From Electronic Transformers and Circuits by Reuben Lee.) 
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Frequency MuUiplicaiion and Division 


must deliver the correct amount of voltage to the automatic- 
gain-control tube 6H6-1 for proper AVC action, and the 
required output to the audio load without distortion. It 
must obtain these voltages from the nearly constant-current 



Fig. 16*28 Rectified amplitude-modulated wave. (From Electronic 
Transformers and Circuits by Reuben Lee.) 

6L6 tube. The transformer ratio is determined by estimating 
the voltage swing produced by a square input-current wave; 
then dividing this by the voltage required to produce the 
necessary audio output after choke Li smooths the rectified 
lobes to the average values shown by the heavy dotted lines 
in Fig. 16*28. 

Frequency-modulated waves can be demodulated by sev- 
eral means. One of the simplest is a mistimed pair of cou- 
pled resonant circuits. If the carrier frequency is on one of 
the ^‘skirts, a change in frequency changes output-voltage 
amplitude, and subsequent amplification proceeds as in an 
amplitude-modulated receiver. This method is objectionable 
because the circuit is responsive to changes in signal ampli- 
tude and therefore to noise. If the reason for using frequency 
modulation is to obtain a large signal-to-noise ratio, this 
method is not used. 

The circuit of Fig. 16-29 (a) can produce demodulation 
which is responsive to frequency-modulated waves but not 



input voltage. The diode voltages are then unequal, and 
the frequency-response curve is like that in Fig. 16-29 (6). 



MULTIVIBRATOR 

OUTPUT 


16-16 FREQUENCY MULTIPLICATION AND 
DIVISION 

In Fig. 16 *4 the saddle-backed current wave ib in class C 
amplifiers was shown. If the grid is driven still harder, the 



Fig. 16*29 F-m demodulator circuit and response. 


Fig. 16*31 Modulator for broadcast transmitter. 


to amplitude modulation. At resonant frequency each diode 
receives from the tuned secondary coil equal voltages which 
cancel in the output. At other frequencies the coil voltages 
are still equal, but are displaced in phase with respect to the 


saddle may become very deep. If the tank circuit then is 
tuned to the second harmonic of the grid-circuit frequency, 
the output frequency is double the input frequency. Such 
a circuit is called a frequency doubler. Efficiency is less than 
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it would be if the frequency were not doubled, because the 
plate-voltage and plate-current swings are less. Bias must 
be increased because of the increased excitation. Similarly, 
frequency may be tripled by tuning the output tank circuit 
to the third harmonic, or quadrupled by tuning to the fourth 
harmonic. Efficiency of the tripler is less than that of the 
doubler, and it is still less for the quadrupler. 

Frequency di\dsion is accomplished by the means of the 
multivibrator circuit shown in Fig. 16*30. This is really 
a resistance-coupled amplifier in which the output voltage 
from the plate is fed back to the grid of the first tube by 
mcanvS of capacitor € 2 ^ This circuit can oscillate by itself, 
but the stability is poor and the wave form is approximately 
triangular. If sufficient voltage is injected across resistor Rx 
from a controlling oscillator of stable frequency, the multi- 
vibrator can be made to lock in with it. If the injected volt- 
age is decreased somewhat, the multivibrator output jumps 
to half the frequency of the injected voltage. Lowering the 
injected voltage still further increases the sub-multiple or 
ratio between the injected frequency and that of the multi- 
vibrator output. Division of frequency in a single multi- 
vibrator usually is not over 10 to 1. Further frequency 
division can be obtained by using one multivibrator output 
as the injected voltage for a second multivibrator, and so on. 
By this means two waves of widely different frequency can 
be compared. Since each multivibrator has a non-sinusoidal 
output, the output harmonic content is high, and frequency 
multiplication of any vibrator in the chain is possible. In 
one frequency-measuring system an oscillator operates at 
100 kilocycles with an extremely stable frequency control. 
Its output is used to control a multivibrator delivering 
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10 kilocycles, and the output of the multivibrator then is 
multiplied to obtain 10-kilocycle intervals in the broadcast- 
frequency range for measuring broadcast-station operating 
frequencies. 
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CIRCUITS FOR OSCILLATORS 

E, U. Condon and William Altar 


AN electronic oscillator is a device employing elec- 
tronic tubes and associated circuits fed from a power 
M jIL source, usually a constant-potential supply, and de- 
livering a-c energy to a load. Many different forms of oscil- 
lators have been developed to take care of the varying 
performance requirements. 

MAGNITUDE OF POWER OUTPUT 

Power requirements range from a small fraction of a watt, 
as for laboratory testing oscillators or for local oscillators in 
heterodyne radio receivers, to power outputs of many kilo- 
watts, as in radio-broadcast transmitters or in oscillators for 
induction heating. 

MAGNITUDE OF FREQUENCY GENERATED 

Electronic oscillators can be made to operate at extremely 
low frequencies (as low as a cycle per minute!) but there is 
seldom a need for these. For frequencies below about 10,0(K) 
cycles per second, electronic oscillators are widely used for 
low power applications (less than a hundred watts), for 
instance for measurement purposes. These are often called 
signal generators. For power applications, rotating machines 
(alternators) are generally more economical in this frequency 
range. Above 10 kilocycles per second to about 30 mega- 
cycles per second is the extended radio-frequency spectrum 
embracing the power applications of radio broadcasting and 
many industrial uses. Above 30 megacycles per second to 
about 300 megacycles per second is the so-called ultrahigh- 
frequency (uhf) region of the spectrum. This region is char- 
acterized by the increasing use of circuit elements with 
distributed constants, such as resonant transmission lines. 
Still higher frequencies having wave lengths less than 1 meter 
are referred to as microwaves. This region requires rather 
special techniques, which make use of such devices as cavity 
resonators, wave guides, and velocity-modulated electronic 
beams. 

FREQUENCY STABILITY 

Frequency stability is of great importance for radio broad- 
casting and for measurement work. In certain other appli- 
cations, as in dielectric heating, it is desirable to have the 
frequency of the oscillator shift in accordance with the 
changing frequency characteristics of the load. 


MODE OF OPERATION 

A natural basis for classifying electronic oscillators is 
afforded by the operating principle peculiar to each class. 

Feedback Oscillators 

This class has the widest field of application, and accord- 
ingly receives most attention in this chapter. Feedback 
oscillators are essentially self-e.xcited amplifiers. An ampli- 
fier takes a low voltage and current input and feeds a higher 
voltage, higher current output to a load. In a feedback 
oscillator this load contains a tank circuit which is sharply 
resonant to the desired fri^quency and also a working load, 
such as the antenna feed line in a radio transmitter, or the 
work in an induction heater. Coupled to the load in one of a 
variety of ways is the feedback circuit wliich leads back to 
provide the amplifier input. 

Negative-Resistance Oscillators 

These oscillators make use of some electronic device in 
which current decreases as the voltage drop increases. The 
long-familiar singing arc, which is of this type, operates on 
the basis of a falling characteristic for an arc maintained 
between solid electrodes at ordinary air pressure. Some 
triodes and tetrodes can be made to exhibit a negative- 
resistance characteristic when connected and operated in a 
particular way. The performance of certain oscillators using 
split-anode magnetrons is also based on this principle. In 
all these, the negative resistance neutralizes both the positive 
resistance of the load and the losses in the oscillator circuits, 
and thus changes the damping of oscillations associated with 
a positive resistance to an exponential build-up process of 
oscillations. This build-up is limited only by the non-linear 
character of the circuit, which makes the negative-resistance 
value a function of the operating level. 

Relaxation Oscillators 

No sharp dividing line distinguishes this class from the 
others. The term usually refers to oscillators in which the 
electrical condition changes abmptly and cyclically from one 
unstable condition to another; for example, a capacitor being 
charged through a resistor and shunted with a glow tube. As 
the voltage across the capacitor reaches the ignition voltage 
of the glow tube, the latter breaks down abruptly and dis- 
charges the condenser until its voltage is low enough to 
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permit the glow tube to recover, whereupon a new cycle sets 
in with charging current flowing again to the capacitor. 

The wave form of relaxation oscillators is usually far from 
sinusoidal, and the frequency is usually determined by ele- 
ments ^nth little inductive reactance. The ‘'poor’’ wave 
form may be turned to good advantage in an important 
application of relaxation oscillators for frequency multipli- 
cation. Since the content of the output is rich in harmonic 
frequencies, it is only necessary to control accurately the 
repetition rate of the cycle in order that a suitable harmonic 
frequency may be obtained for use in frequency measure- 
ments or control. 

Electron-Transit-Time Oscillators 

These oscillators make use of velocity-modulation tubes 
such as single- and double-cavity klystrons and resonant- 
cavity magnetrons. Since their importance is exclusively in 
microwave applications, they are discussed in Chapter 5. 

The theory of oscillator design offers mathematical diffi- 
culties owing to the non-linear characteristics of the tube. 
Approximations which assume linearity of these character- 
istics are necessarily inaccurate. Since a more thorough 
mathematical analysis is laborious without adding to an 
understanding of the simple underlying ideas, it has been 
found preferable to carry out oscillator design by combining 
a roughly approximate analytical procedure ^vith a more 
detailed study making use of a “bread-board” model for 
testing purposes. 

17 1 GENERAL PRINCIPLES OF FEEDBACK 
OSCILLATORS 

Every feedback amplifier may be schematically repre- 
sented as in Fig, 17’1, The tubes are in the amplifier unit. 



Fio. 17*1 Schematic block diagram of feedback amplifier. 


the input terminals of which are at B. The amplifier output 
at A is divided between the load and the feedback circuit 
by which a fraction of the output is fed back through a fre- 
quency control unit to the amplifier input where it im- 
presses input voltage. This general block diagram is more 
explicitly diagrammed for the simplest type of tuned-plate 
oscillator circuit (Fig. 17-2). 

The exact analysis of any such oscillator circuit is too 
involved to be of much practical value. Usually, simplifying 
assumptions must be made which are too inaccurate to 
render useful quantitative information, but nevertheless 
help the general understanding by giving qualitati^ infor- 
mation. 
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The operating frequency and amplitude of an oscillator 
will adjust themselves so that the voltage output of the 
frequency control unit is exactly that needed at the input 
terminals of the amplifier in order to maintain the operating 
conditions unchanged. Voltages must be matched in both 



Fig. 17-2 Typical circuit of feedback amplifier. 

amplitude and phase, so two requirements must be satisfied 
simultaneously. Horton ^ has given a useful graphical dis- 
cussion of a typical case, on which the following is based. 

Leaving wave form aside for the moment one assumes 
pure sine waves. The amplifier performance is characterized 
by a diagram as in Fig. 17 -3 where the ratio of the input 
voltage Vb to the output voltage Vx is plotted against output 
voltage. The rise in the curve means that the tube does not 
amplify as well at higher output voltages and that the input 
voltage has to be raised more than in proportion to the de- 
sired increase of the output voltage. In general the curve 



VOLTAGE AT A 

Fig. 17-3 Amplitude-response curve of amplifier. (Reprinted with 
permission from J. W. Horton, Bell System Tech, Vol. 3, 1924.) 

will shift somewhat with frequency so that a family of curves 
is needed to represent the amplifier gain under the various 
operating conditions. These curves may be re-plotted so 
that each curve shows the variation of the voltage ratio with 
frequency at a specified output voltage as shown in 
Fig. 17-6. 
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The frequency-control unit is a sharply resonant trans- 
mission system, and a plot of the voltage ratio VbIVa as a 
function of frequency is something like Fig. 17*4. In certain 



Fig. 17*4 Amplitude-response curve of frequency-control unit (high 

input level). 

low-frequency applications employing inductors wound on 
iron cores, the effective resistance may increase with increas- 
ing voltage Fa- For such a circuit Fig. 17*4 should show a 
family of curves of the type shown, each for a different 
voltage Vji* These curves substantially merge into one at 



Fig. 17 *6 Families of amplitude-response curves for amplifier and 
feedback circuits. (Reprinted with permission from J. W. Horton, 
BeU System Tech. Vol. 3, 1924.) 

frequencies far away from resonance but will show lower 
resonance peaks as the voltage Va increases. This family of 
curves is also shown in Fig. 17*5 superposed on the family 


of amplifier response curves which are discussed in the pre- 
ceding paragraph. Curves of each family are labeled in 
accordance with the Va value, in arbitrary units. Consider 
the two characteristics labeled 0, indicating zero voltage 
at A. They intersect in two points marked with heavy dots, 
revealing two frequencies at which the voltage Vb matches 
around the feedback circuit in the limit of zero voltage at A. 
Similarly for Fa = 1 there are two possible frequencies, and 
so on. However, the curves for Fa = 7, as drawn in Fig. 
17*5, are just tangent to each other, and thus give a single 
frequency, and at still higher voltages the corresponding 
curves no longer intersect. It is seen that the maximum 
voltage attainable at the oscillator output terminals can 



Fig. 17*6 Amplitude-balance curve for feedback oscillator. 


at best reach 7 imits, since the amplifier is unable at higher 
amplitudes to produce enough input voltage through the 
feedback circuit. Actually the oscillator will not necessarily 
operate at this voltage, though its operation must take place 
under conditions represented by one of its points of inter- 
section between a pair of amplifier and feedback character- 
istics identically labeled. Thus is obtained the amplitude- 
balance curve of Fig. 17-6, representing the condition for 
matching voltage amplitudes in a diagram of output voltage 
versus frequency. As far as the amplitude match is con- 
cerned, any point of this curve would be acceptable as an 
operating point for the oscillator. 

The correct operating point on the curve may be obtained 
by matching at B the phases of the feedback voltage and 
of the amplifier input voltage in complete analogy to the pre- 
ceding consideration of the amplitudes. Figure 17*7 is the 
analogue for phases of Fig. 17-5 for amplitudes. As drawn, 
it indicates that the phase lag introduced by the amplifier is 
independent of voltage amplitudes, whereas the frequency- 
control unit shows a slight amplitude dependence in the sense 
' which is consistent with the trend shown in Fig. 17 • 6, namely, 
greater proportionate loss at higher amplitudes. The inter- 
section of corresponding pairs of curves again determines a 
relation between frequency and oscillator output voltage. 
This condition must be fulfilled in order that the feedback 
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voltage be fed to the input terminals B in the correct phase. 
It is represented as a steep curve in Fig. 17*8, which also 
shows the amplitude balance curve of Fig. 17-6. It is seen 
that the phase balance curve rises vertically from zero and 
tilts toward the lower frequency side, in accordance with the 
sequence in which the feedback characteristics 0 to 10 of 
Fig. 17. 7 are intersected by the amplifier characteristic. 
The operating point is that frequency and that voltage at A 
at which the amplitude-equality curve and the phase-equality 
curve intersect. 

A quantitative evaluation of this graphical exposition will 
depend largely upon the selectivity of the feedback circuit, 



Fig. 17-7 Families of phase-response curves for amplifier and feed- 
back circuits. (Reprinted with permission from J. W. Hort,<m, Bell 
SysUm Tech. J., Vol. 3, 1924.) 

that is, upon the so-called loaded Q of the frequency-control 
unit. By this is meant the circuit Q with the load attached. 
It is simply related to the half-power bandwidth, that is, to 
the frequency interval between half-power points which, on 
the voltage-ratio curve, represent about 71 percent of max- 
imum voltage response. This bandwidth equals resonance 
frequency divided by the loaded Q of the circuit. Thus a 
convenient choice of units for the frequency scales laid out 
along the abscissas of Figs. 17*4 to 17-8 depends upon the 
Q value in each case. By opening up the scale in cases where 
the Q has a high value and crowding the frequency marks in 
other cases of low Q, one will end up with resonance curves 
of about identical appearance in the graphs. The amplifier 
eharacteristics generally show a much lesser dependance on 
frequency, and are nearly constant over the small frequency 
range when dealing with a sharply resonant feedback circuit. 
Nevertheless, it is this dependence, and the finite phase lag 
that is introduced by the amplifier, which make the resultant 
oscillator frequency differ slightly from the natural resonance 
frequency of the frequency-control unit. 

That the oscillator is self-starting under the conditions 
assumed may be deduced from an inspection of Fig. 17*5 
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which shows that oscillations at a frequency near the reso- 
nance frequency of the feedback circuit can build up from a 
near-zero level. Small initial oscillations of frequencies cov- 
ering the bandwidth of the unit invariably accompany the 
switching operation when the oscillator is turned on. Con- 
sider first an oscillation of a frequency belonging to one of 
the two heavily dotted intersection points of the curve pair 
labeled zero. In view of the amplitude balance existing for 



Fig. 17-8 Amplitude- and phase-balance curves for feedback oscil- 
lator. Intersection marks steady-state operation. (Reprinted with 
permission from J. W. Horton, Bell Byatem Tech. Vol. 3, 1924.) 

this point the amplitude cannot build up to liigher values, 
and in view of the phase unbalance its frequency cannot 
endure at its starting value; in other words, no build-up for 
oscillations of this frequency will occur. Next, examine a 
frequency near the resonance value of the feedback circuit. 
It will be seen that at the low amplitude level the gain factor 
VaIVb of the amplifier outweighs the attenuation factor of 
the feedback circuit by about 83 percent (or less for fre- 
quencies off the resonance point), so that the oscillation will 
build up rapidly. As its amplitude increases to a higher 
level, say 4, the factor which determines the build-up rate 
has been lowered from the initial 1.83 to 1.43. Finally at a 
level where the build-up curve intersects the amplitude- 
balance curve, this factor drops to unity, which marks the 
end of the build-up process. Actually the build-up does not 
take place at constant frequency, nor along the phase- 
equality curve as might be supposed. Rather, at every step 
during the build-up a relation between rate of frequency 
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change and phase unbalance prevails which determines the 
process in detail. 

The curves of Figs. 17*4 to 17-8 afford a convenient basis 
for discussing the effects of varied circuit parameters or load 
conditions. For example, suppose that the load is purely 
resistive and is increased, a change which has practically no 
effect on the phase-efjuality curve. The amplitude-equality 
curves of Figs. 17-6 and 17-8, on the other hand, will lose 
in height and in breadth, because the lowering of Va attend- 
ing the heavier load will tend to move the amplifier charac- 
teristics of Fig. 17 '5 upward so that a pair of curves with 
lower label than before become tangent to each other. The 
breadth of the amplitude-equality curve at its base is also 
reduced. In view of the tilt of the phase-equality curve, the 
new intersection point lies at a lightly higher frequency and 
gives a lower operating voltage. As the load is increased 
further, oscillations will cease as soon as one of two things 
happen; either the amplitude-equality curve narrows down 
so that it no longer intersects the phase-equality curve, or 
the amplifier characteristics of Fig. 17 • 5 are raised to such 
an extent that even the pair of characteristic curves labeled 
zero no longer intersect. As a result of the first of these 
eventualities the oscillations will cease suddenly although 
they had existed at a finite power level for a slightly smaller 
load. The second pro(;ess is characterized by a gradual 
dying-down to zero with increasing load. 

17-2 CIRCUITS FOR FEEDBACK OSCILLATORS 

Probably every conceivable combination of feedback ele- 
ments has been tried at one time or another. Several arrange- 
ments have become well known and have been identified 
with names. Some of these circuits arc given in Fig. 17 -9. 
Although on casual inspection these circuits may look dif- 
ferent, they have many points in common: 

1. A parallel reactor-capacitor combination serves as the 
frequency-determining element. Occasionally, as in Fig. 
17-9 (gf), two such circuits tuned to the same frequency may 
be used. 

2. A parallel resistor-capacitor combination connects the 
control grid to the rest of the (;ircuit. This combination is 
rouglily equivalent to the action of a C battery ; its fim(?tion 
is to make the grid negative with respect to the anode. 

3. The control grid derives its radio-frequency potential 
from the anode circuit to which it is coupled by a feedback 
arrangement. 

4. The main plate supply, indicated by the conventional 
battery symbol, is shunted by a capacitor of sufficient capac- 
ity to by-pass the plate supply so far as radio-frequency 
currents are concerned. 

Power supplies for heating the cathode filaments are not 
indicated, and the load is not explicitly represented in the 
circuits. Loading may be accomplished in a variety of ways, 
usually by coupling either directly by tapping, or by mutual 
inductance, into the reactor of the basic LC combination of 
the tank circuit which determines the frequency. 

In the design of oscillator circuits attention must be given 
to the steady components of current and voltage which in 
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the various leads are superposed upon the radio-frequency 
currents and voltages. Frequently it is necessary to provide 
a path of low impedance for the radio currents between points 
which require different steady potential, or to keep radio 
currents from flowing through elements which have little 
resistance for steady currents. These two results can be 
accomplished by blocking capacitors and, respectively, by 
radio-frequency choke reactors. These elements add in a 
superficial way to the difference in appearance of the differ- 
ent types of feedback oscillators. 

The seven types in Fig. 17 *9 have the following advantages 
and disadvantages. 

Hartley (a and 6). This type requires but a single reactor 
with tapping. Series feed for the Hartley circuit has the 
disadvantage that the power supply terminals carry radio- 
frequency potential, and stray capacities from the power 
supply to ground will exercise a detuning effect. Also, the 
capacitance between cathode and power supply provides an 
undesired path for the radio-frequency currents, thus causing 
loss of radio-frequency power as well as detuning effects. In 
an improved version of the series-feed Hartley circuit a large 
capacitor is placed in scries with the oscillating circuit coil 
next to the cathode connection, and the d-c plate supply is 
shunted around it. Shunt feed is the standard for Hartley 
circuits. It avoids the difficulties with the help of an extra 
choke. 

Colpitis (c). The disad^ antage of this type Ls that the 
ratio of grid voltage to plate voltage cannot be adjusted 
without disturbing the fre(|uency adjustment. 

Meissner (d). This type requires no tapping of the main 
tank reactor. 

Tuned Plate (e). This is one of the most widely used 
types. Its disadvantage, that the tank circuit is at high 
potential, can be overcome by the use of a shunt feed as 
in (6). 

Tuned Grid (/). This type oscillates only for a fairly 
narrow’ range of mutual inductance between tank circuit and 
plate circuit. 

Tuned Plate — Tuned Grid (g). Feedback is accomplished 
through interelcctrode capacitance in the tube. The feed- 
back is relatively feeble so that a sharply resonant grid circuit 
is required to determine the operating frequency. In a 
widely used modification, this resonance is accomplished by 
placing a quartz crystal in the grid circuit and utilizing it as 
the frequency-determining element. To obtain oscillations, 
the plate circuit is tuned to a frequency higher than the 
characteristic crystal frequency, so that at the operating 
frequency the reactance in the plate circuit is inductive. 
This is referred to as the tuned grid-inductance loaded plate 
circuit. 

17-3 DESIGN OF POWER OSCILLATORS 

Feedback oscillators, like amplifiers, are classified as class 
A, class B, class C, according to the region of the charac- 
teristic curves in which the tube is operated. For most 
efficient power conversion, power oscillators are adjusted 
for class C operation, that is, with the grid biased sufficiently 
negative so that there is no plate current during a large por- 
tion of the cycle. Strictly, and particularly for low^ n value 
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of the tube in question, cut-off for the plate current occurs 
at slightly negative grid potentials. 

In class C operation with a constant negative bias, such 
as is derived from a C battery, the oscillator is not self- 
starting, because full negative bias does not permit enough 
plate current to build up the oscillations from low starting 
amplitudes. Therein lies the advantage of the grid-leak 
arrangement over a battery, because the grid bias is zero in 
the early build-up, or the operating point is well up along the 
curve with rather large plate current, so that the oscillations 
are able to start. The small grid current causes a voltage 
drop in the grid-leak resistor and so produces the necessary 
negative grid bias. As the average grid potential becomes 
more negative it reduces the plate current and amplifier 
action of the tube, and thus the amplitude of the oscillation 
is finally stabilized by the regulating action of the grid leak. 
The values R and C for the resistor and capacitor forming 
the grid leak are not critical. The time constant RC should 
be large compared with where / is the oscillation fre- 
quency. If A is too great, the grid bias builds up to such 
a large negative value that oscillations cease, to start again 
after a short delay while the capacitor in the grid circuit 
discharges through the resistor. The result is an intermit- 
tent oscillation, called “rnoiorboating,’^ and, incidentally, 
is a good illustration of relaxation oscillations. 

To develop a class C power oscillator from which a load of 
given impedance is to be fed at a given power level, one must 
first adopt a working design for the tank circuit and its load 
coupling. According to circuit theory, the load may be 
represented by a reflected resistance in the tank circuit, that 
is, a series resistance which, at the operating frequency, is 
equivalent to the load circuit. This and the intrinsic resist- 
ance of the tank circuit are denoted, respectively, by Ra and 
/?!. The efficiency tji is that fraction of the total power gen- 
erated by the tube, which is passed on to the load circuit. 
Evidently 


Rn 

Rl + Ra 


(17'1) 


Similarly if Rj^ is the resistance of the load and R 2 the resist- 
ance of the rest of the load circuit, then the efficiency of the 
load circuit 


V2 


Rl 

R 2 + Rl 


(17-2) 


The over-all efficiency of the tank and load-coupling net- 
work is 171172* Alternatively 


, Qoil 

0,. 

(17-3) 

. Qo2L 

(17-4) 


where Qqil belongs to the loaded tank circuit at resonance 
and Qoi to the unloaded tank circuit Q. Likewise Q02L 
belongs to the coil in the loaded load circuit at resonance 
and Qo 2 to the unloaded load circuit. 

Experience shows that the loaded Q of the tank circuit 
should not be less than about 12; and, as the unloaded Q 


can easily be made to exceed 100, 171 can be made to exceed 
90 percent. Similar large values are attainable for 172. 

If a loaded Qo of 12 is adopted for the tank circuit and 
^^1 + Ra is known, 

o^L = Qo(Rx + Ra) (17-5) 

and hence L of the tank-circuit reactor can be computed. 
At a specified frequency this then determines C for the tank- 
circuit capacitor through LC = 1/w^. 

The plate current needed to maintain oscillations is about 
1/Qo of the magnitude of the current in the tank circuit as 
shown in the circuit and vector diagram of Fig. 17 • 10. Here 






Fia. 17*10 Tank circuit of a feedback amplifier and its vector 

diagram. 


the quantity Ipi is the amplitude of the fundamental- 
frequency Fourier component of the plate current. If Pl 
is the power to be supplied to the load and Ra is its effective 
series resistance in the plate circuit, the amplitude of the 
plate current fundamental is 



This carries the analysis back to the tube; therefore at this 
point it is necessary to consider some of the ideas underlying 
class C operation. Figure 17*11 shows the assumed sinu- 
soidal voltages of plate and grid ep(t) and eg(t) for class C 
operation. The working part of the cycle is in the neighbor- 



268 Circuits for 

hood of ^ = 0 when grid voltage is maximum and plate 
voltage is minimum. If ^ 

ep{B) = Eb(l ~ a cos 6) (17*7) 

CgiS) - Ee{l — bcosO) (17-8) 

where Eb is the voltage of the plate power supply and a is a 
coefficient less than unity; the oscillating amplitude is less 
than the average plate voltage, and consequently the plate 
is always positive relative to the cathode. The mean grid 



bias Ec is a negative number. The coefficient h is somewhat 
greater than imity; therefore the grid actually swings posi- 
tive with respect to the cathode for an interval around 
^ = 0. 

During the part of the cycle when eg{6) is positive, there 
is plate current. Its amount can be found for a particular 
tube from its characteristic curve giving tp(cg, Cp), A typical 
wave form for ip(6) is shown in Fig. 17*11, which shows it is 
far from sinusoidal. 

The instantaneous power drawn at phase $ by the tube 
from the plate supply equals Ebip{B) and the average power 
input is Eblpo, defining 

1 

- — ipW de 

2ir Jq 

as the average plate current. Instantaneous power output 
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to the tank circuit is {aEt cos 0) X tp(0), and average power 
output is 

^ aEJpt = ~ X a X (EtlJ (17-9) 
2 2 

where Ipt is the fundamental frequency component of tp(B) 
in phase with the alternating tank potential, 

1 

7pi = “ I ipW cos 6 dd 

IT Jq 

and Im is the peak value of plate current. 

The peak value of the plate current of a tube is limited by 
the electron emission of its cathode. For a given peak value, 
both Ipo and /pi, and hence the power input and output, 
will vary in the same sense as the duration of the plate- 
current pulse. This duration in turn is essentially the time 
interval during which the grid has noticeably positive values. 
The biasing parameters Ec and b should then be chosen so 
that there is plate current during a moderately large portion 
of the cycle. Note, however, that ip(d) is most effective 
delivering power to the tank circuit when 6 is zero; therefore 
a plate-current pulse of longer duration ^vill deliver less than 
a proportionate amount of power yet will absorb full power 
from the plate supply. For better efficiency of power con- 
version, therefore, the grid should be biased to give a rela- 
tively short pulse. 

Exact calculations have to be based on a determination of 
Ipo and /pi from the wave shape ip{0) which in turn involves 
the tube characteristics and the assumed parameters i?6, £r, 
a, and 6. Results good enough for most design purposes 
may be obtained from approximate calculations by using 
some results of Terman and Fems.^ The tube character- 
istics may be represented approximately 



where the exponent a is very nearly 1.5 for many tubes, and 
always between 1 and 2. It is understood that ip is zero 
when Cg + (cp/^) is negative. 

By substituting the assumed waves for Cp and Cg an approx- 
imate ip(6) is obtained. From this the maximum plate cur- 
rent /pm as well as Ipo and /pi can be computed in terms of 
the tube parameters, fe, fiy and a, and of the voltage para- 
meters Eby Ecy a, and 6. Curves of Fig. 17*12 provide a 
handy diagrammatic presentation of the results. Ordinates 
lo/Im and Ii/Im are plotted against the total duration of the 
plate-current pulse, M in degrees. Each curve is for a 
specific value of the exponent a. Obviously, the results are 
not too sensitive to this value over the practical range. 
When M > 180 degrees the parts of the plate current at the 
beginning and end of the pulse are harmful, tending to stop 
oscillations since cos $ is negative. Nevertheless Ii/Im does 
not have its maximum at AS » 180 degrees because this 
harmful effect is small at first and is outweighed by the 
bigger average current in a wider pulse during the part of 
the cycle when cos 6 is positive. 
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The efficiency of the tube as a power convertor can be 
considered the product of two factors, rip and i;,: 


Vp 


Vg 


total plate a-c power output 
input from plate supply 

^ grid driving power 
total a-c plate output 


aEbIpi 


Eblpo 


alpi 


For high efficiency a should be as near unity as possible; 
also the pulse duration should be short, as shown in Fig. 






Fig. 17- 12 Plot of the steady and the fundamental plate-current 
components as afiFected by biasing. 

17-13, where the second factor of rip is plotted against pulse 
duration from the values given in Fig. 17-12. The lower 
boundary of the shaded region is for a = 1, the upper for 
a ^ 2. 

From the grid-current characteristic curves of the tube 
one calculates the average alternating grid driving power, 

Pg ^ — I ““ Ee]igiO) dd 
2ir Jq 

Grid current is always a pulse of short duration near the 
phase of maximum eg] consequently if I go is the mean grid 
current as read by a d-c instrument in the grid line, the grid 
power is essentially 

Pg = (1 -5)£c/go (17-10) 


The mean grid current I go multiplied by the resistance of the 
grid leak R equals the mean grid-bias voltage l?c* On this 
basis one estimates the resistance needed for a particular 
value of Ec- In calculating rig the losses in the feedback 
circuit and the grid power Pg needed by the tube are in- 
cluded in “grid-driving power.'' 

It is considered goo<l practice to design for M about equal 
to 120 degrees, giving Ipxl2Ipo somewhat above 0.9. Then 
if a also is made about equal to 0.9, rip ^ 0.8, making it pos- 
sible to achieve an over-all efficiency of conversion of plate- 
supply power into a load power between 60 and 70 percent. 
Such a value of AO gives about 0.35 for therefore^ 

Avith a = 0.9 the power output is M X 0.9 X 0.35J?6/m, or 
about Eblm!^^^- 

To return now to the design problem, a tube capable of 
giving the required hx must be used; that is, it must be 
capable of giving /„ = /pi/0.36 or, say, 3/pi and be capable 



FiO. 17-13 Auxiliary plot for computing plate efficiencies. 

of operating with sufficiently high plate voltage so that 
}4aEbIpi is equal to the required power output, including 
circuit losses and grid-driving power. 

As an example, suppose 6 kilowatts is to be delivered to a 
200-ohm load at a frequency of 200 kilocycles. The WL-892 
pliotron is capable of giving 6.5 kilowatts at ^6 = 8 kilo- 
volts, and 10 kilowatts at Eb = 10 kilovolts. This seems to 
be a suitable tube. If = 0.8 for the tank and load 
circuits, the tube power output required is 7.5 kilowatts; so, 
s-saiirning a = 0.9 and Eb - 10 kilovolts, one will require 
hi - 1.67 amperes. For a loaded Qo of 12, this means that 
the current amplitude in the tank circuit is approximately 
12 X 1.67 = 20 amperes; therefore the total effective resist- 
ance of the tank circuit should be = 37.5 ohms. The 
inductive reactance of the reactor should be 390 ohms, giving 

390 

L = r henrys = 0.312 millihenry 

1.25 X 10® 

and the capacitance is 

C = 2.06 X 10“® farad 

The load circuit needs to be coupled in such a way that the 
load impedance of 200 ohms is transformed to a little more 
than 30 ohms in the tank circuit. 

Under these conditions, according to tube specifica- 
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lions, Ec = —1300 volts, and the average grid current is 
0.18 ampere. Therefore the grid-leak resistor must be 
R = 13(X)/0.18 = 72(X) ohms. The peak radio-frequency 
grid voltage is given as 2300, so the grid swings 1000 volts 
positive relative to the cathode. Therefore, the operating 
conditions probably refer to a smaller value of a than 0.9, 
perhaps more nearly 0.8, which calls for a slight revision of 
tank-circuit calculations. 

A grid-driving power of 400 watts is required since the 
average grid current is 0.18 ampere and since it consists of 
short pulses triggered during the positive peaks of the grid 
voltage, that is, at 2300 volts. This addition to the load of 
the tube is not excessive, being less than 10 percent of the 
rated output. It is only necessary to design the feedback 
circuit so that it supplies the grid with the proper radio- 
frequency voltage. This circuit is designed by standard 
circuit calculations which will depend upon the type of feed- 
back circuit used. 

17-4 PUSH-PULL CIRCUITS 

In class C operation, energy is supplied to the tank circuit 
during that small part of the cycle only when there is plate 
current. When there is no plate current the tank circuit 
and load are really undergoing damped oscillation; that is, 
the voltage wave form is not truly sinusoidal but contains a 
damping factor In the time of one cycle this damp- 

ing factor produces an amplitude reduction by a factor of 
^-r/Qo, Qj. Q 77 jf Qq = 12. This indicates that operation at 
the minimum value of loaded Qo recommended in the pre- 
ceding section is far from a smooth sine wave. 



Fia. 17-14 Tuned-plate push-pull oscillator. 


Push-pull operation gives a better wave form than single- 
tube operation at the same loaded Qo, or alternatively per- 
mits operation with a lower loaded Qo. 


17-6 PIEZOELECTRIC CRYSTAL OSCILLATORS 


If a high degree of frequency stability is required in an 
oscillator, the circuit should contain maximum attainable 
Q, and should be as free as possible from effects of tempera- 
ture changes, mechanical shock, and so on. Much attention 
to detail is required in the design of the reactors and capaci- 
tors, a subject handled very thoroughly by Thomas.* 

Frequency depends upon the operating conditions of the 
tube; for example, temperature changes caused by changed 
power dissipation change the interelectrode capacitances of 
the tube, which are always part of the circuit capacitances 
of the tuned circuit. Changes in load also affect frequency; 
consequently, where frequency stability is necessary the 
oscillator must be lightly loaded, and the required power 
level must be attained by subsequent amplification, if 
necessary. 

Primarily, frequency stability requires circuits of ex- 
tremely high Q. Cady discovered that the use of a piezo- 
electric quartz crystal as an electromechanical equivalent 
of the tank circuit could be made to give values of Q hundreds 
of times greater than those attainable with coil and capacitor 
construction.^ 

The natural form of a quartz crystal is a hexagonal prism, 
as shown in Fig. 17*15 (a). The Z-axis, important in the 
optical double refraction of the crystal, is known as its 
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Fig. 17- 16 X- and Y-cuts of piezoelectric quartz crystal. 


When the required power output is greater than can be 
obtained from one tube, two tubes may be used in some 
form of push-pull circuit. The tubes are connected in such 
a way that the tank circuit receives a pulse of plate current 
every half cycle, each tube providing only one pulse per 
cycle, but with pulses from the two tubes occurring vnth a 
half-cycle phase difference. 

Such a circuit is shown in Fig. 17 • 14, which is the push- 
pull analogue of the tuned-plate circuit of Fig. 17 • 9(e). 
Each of the feedback arrangements indicated in Pig. 17*9 
can be extended to push-pull operation. 


optical axis. Any plane normal to the Z-axis contains three 
physically equivalent X-axes connecting the opposite comers 
of the hexagon, and three equvialent F-axes normal to the 
faces of the hexagon, as shown in Fig. 17 • 15 (6). The X-axes 
are known as electric axes, and the F-axes are known as 
mechanical axes (also sometimes called neutral axes). A 
flat section cut from a crystal, like the shaded part of Fig. 
17 • 15 (5) is called an X-cut crystal (or Curie cut) if its plane 
faces are normal to an X-axis. Similarly one speaks of a 
Y-cut crystal if its plane faces are normal to a F-axis. 

If a mechanical tension or compression is applied to the 
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crystal along a y-axis, the material becomes electrically 
polarized along an X-axis. That is, squeezing an X- or 
Y-cut crystal causes the appearance of charges on the crystal 
faces; conversely, if electrodes are attached to the crystal 
and a potential difference is applied, a mechanical stress is 
produced in the crystal. The charge per unit area on oppo- 
site faces is independent of the thickness of the X-cut crystal, 
and is directly proportional to the pressure (force per unit 
area). The relation is 

q^dnP (17‘11) 

where dn is known as a piezoelectric modulus, q is the charge 
per unit area in electrostatic units per square centimeter, and 
P is the pressure in dynes per square centimeter. For quartz 
the modulus dn in these units is 

_ electrostatic units per square centimeter 

dll = 6.36 X 10-® 

dynes per square centimeter 

The same modulus measures the change in thickness of the 
plate which accompanies an applied potential, according to 
the relation 

8 = dnJ^ (17-12) 


where 5 is the change in thickness in centimeters and E is the 
potential drop across the plate (X-cut) in statvolts. Hence 
a potential drop of 3000 volts across the thickness of an 
X-cut plate produces a thickness change of only 6.36 X 10“^ 
centimeter. Actually the piezoelectric effect is non-linear. 
The deformation is proportional to voltage up to about 
2.5 kilovolts, but at 25 kilovolts it is about 30 percent less 
than the proportional value and seems to approach a limiting 
saturation value at 160 kilovolts. 

Besides X-cut quartz many other ways of cutting the 
crystal are being used. Also, there are many other sub- 
stances, especially tourmaline and Rochelle salt, with piezo- 
electric properties, but quartz has thus far found the widest 
field of application. 

If an X-cut crystal is put between the plates of a parallel- 
plate capacitor to which an alternating voltage is applied, 
the piezoelectric deformation tends to excite the normal 
modes of free oscillation of the crystal. The simplest mode 
of oscillation of a rectangular plate, the length and breadth 
of which are large compared with the thickness d, is that in 
which the thickness contracts and expands in such a way 
that the displacement of a point at distance x from the 
central plane is proportional to sin (vx/d). The frequency 
of such oscillations is approximately 



where Cu = 8.56 X 10^^ dynes per square centimeter is 
the appropriate elastic modulus, and p = 2.66 grams per 
cubic centimeter is the density of quartz. Substituting 
these values, 

283.9 kilocycles per second 
^ d centimeters 


that is, a crystal 1 millimeter thick oscillates at a frequency 
of 2.84 megacycles per second. 


When such a crystal is placed between plane-parallel elec- 
trodes to which a sinusoidal voltage of nearly resonant fre- 
quency is applied, the crystal will respond with mechanical 
oscillations as well as with the usual capacitive displacement 
current. In addition to the dielectric capacitance repre- 
senting energy stored in the electric field, the crystal has 
inductive reactance caused by the kinetic energy of the 
vibrating quartz; capacitive reactance caused by the elastic 
potential energy of the strained quartz; and resistance repre- 
senting the dissipative effects of internal friction in the 
quartz, its rubbing against the supporting electrodes, and 
acoustic radiation of sound waves into the medium and the 
supports. Thus the mounted crystal represents an electro- 
mechanical system, a complete description of which must 
involve the mechanical material constants, (^ady's analy- 
sis ® has shown that the crystal, as far as the electrodes are 
concerned, is equivalent to the circuit of Fig. 17 • 16. Accord- 
ing to this analysis, the crystal may be represented by an 
equivalent mechanical system of concentrated mass M, fric- 
tional resistance Wy and stiffness including the effect of gap, 
(7. The equation of motion of this system, for oscillations 
near resonance, is 

~ + W~ + Gj,=: kEi sin o>t (17 • 14) 
dr dt 

where the potential drop across the crystal, Ei in statvolts, 
is related to Ey the total voltage drop between electrodes, by 

Ei=~^E (17-15) 

a + €W 


and where :r is the actual amplitude of motion of the surface 
of the crystal, and the piezoelectric constant is 


2cii/l 

k = 

d + fw 

The equivalent mechanical constants are 
M = ^pAd grams 

ir^ A dynes 

ir = — ; 

2 d centimeters per second 

TT^ A dynes 

G = — C 

2 d centimeters 


(17-16) 


(17-17) 

(17-18) 

(17-19) 


In these equations p is the density in grams per cubic centi- 
meter, A is the area in square centimeters, and d is the thick- 
ness of the crystal in centimeters. The effective mass is only 
half the total mass, because the central layers do not take 
part in the motion at full amplitude. F is a measure of the 
internal viscosity of quartz. F = 0.25 has been reported as 
an empirical value. The elastic modulus c is a corrected 
value for C\\ given by 


^ , 4ircn" 326n"d 

c = Cu H 

c 7r€(d + ew) 


(17-20) 


Here Cn = 4.77 X 10^ is a piezoelectric modulus, € is the 
dielectric constant (4.5), and w is the total air-gap thickness 
between the electrodes and the crystal. 
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In Fig. 17-16 capacitance Ci is the capacitance of the 
quartz crystal computed with no regard to the piezoelectric 
property, 

tA 

Cj = (Qx 10“)-^ farad (17-21) 

4Td 

and capacitance C 2 is the capacitance of the air gap, 


C 2 = — (9 X 10^0”^ farad (17-22) 

4irw 

R L C 



Fig. 17-16 Electric circuit equivalent of crystal with gap. 


The equivalent electrical quantities are L = M 
R = Wlk^f and C = k^/G, Substitution of the parameter 
values for an X-cut quartz crystal gives 


(d + €1/0^ 

L = 130d henrv 

A 


C = 2.4 X 10“^* farad 

(d + €W)^ 

(d + €W)^ 

R = 325 ohm 

.4d 


Quartz crystals have found extensive use, not only for 
maintaining accurate frequency control in oscillator circuits 
with electridal output, but also as the means for converting 
electrical power at supersonic frequencies into acoustic power. 
This application goes back to the first World War, when 
Langevin employed quartz crystals in an acoustic echo sys- 
tem for depth sounding and for the detection of such objects 
as submarines or icebergs. A modem device of this type has 
been described by Firestone,"^ who used a small quartz crystal 
operated in pulses at frequencies of several megacycles to 
locate defects in castings and forgings. These flaws in the 
material have the ability to reflect part of the supersonic 
energy back to the crystal. The latter, in a reversal of the 
mechanism whereby the mechanical waves were generated, 
responds to the mechanical stimulus of the echo with an 
electrical signal at the electrodes and so becomes the detector 
for the returning supersonic signal. 

The many applications of intense supersonic radiation in 
fluids range from the preparation of colloids and emulsions 
to the killing of bacteria in milk and in other liquids. These 
applications have for their object a maximum density of 
supersonic energy in the fluid. Some experimenters have 
obtained sound-power densities in liquids of about 10 watts 
per square centimeter. Wood and Loomis,® who pioneered 
in the study of intense supersonic waves, achieved 35 watts 
per square centimeter. Sound-power density I (ergs per 
square centimeter second) is related to the pressure ampli- 
tude p (dynes per square centimeter), the density p (grams 
per cubic centimeter), and the velocity of sound v (centi- 
meters per second) by the equation 

/ = — (17-23) 

2pv 


L (d + €W)^ 

_ — 232 megohms 

C A 

Q = 715,000d 

Actual values of Q for quartz are somewhat lower because 
of losses other than those due to internal friction. Van Dyke ® 
found that a particular crystal mounted in air had Q == 25,000, 
but when the surface was etched and the crystal was mounted 
in vacuum, Q rose to 580,000. 

These results indicate that the crystal is electrically equiva- 
lent to the usual resonant tank circuit and that very high 
Q values are obtainable. Many different circuits correspond- 
ing to different locations of the crystal elements in the grid 
or plate circuit and with different feedback arrangements 
have been tried. 

This discussion has been limited to X-cut crystals, but 
there are many other ways of cutting the natural quartz, 
some of which are particularly designed for zero temperature 
coefficient of the frequency of vibration for a limited tem- 
perature range. 

The practical upper frequency limit is around 50 mega- 
cycles, corresponding to a thickness for the X-cut crystal of 
only 0.057 millimeter. At higher frequencies the crystal 
would be too fragile both electrically and mechanically. It 
is possible, however, to drive thicker crystals at higher fre- 
quencies by harmonic excitation. 


from which the pressure amplitude is computed at 5 atmos- 
pheres in water when sound-power density is 10 watts per 
square centimeter. Hence cavitation and the formation of 
gas or vapor bubbles in the liquid set in at much lower 
power levels. 

17-6 MAGNETOSTRICTION OSCILLATORS 

Magnetostriction is another means by which the elastic 
vibrations of a solid medium can be coupled to an electric 
circuit, thus permitting the employment of such a resonant 
material as an oscillator tank circuit, and also providing an 
alternative means for exciting supersonic radiations at high 
power levels. 

Magnetostriction is the change in length of a ferromag- 
netic rod when it is magnetized. Although the name 
suggests that the length always shortens, both elongation 
and contraction are observed, as shown in Fig. 17-17 for 
various ferromagnetic metals (a) and alloys (6). The effect 
is of the same sign for cither sense of magnetization, and a 
cylindrical rod of ferromagnetic material, if in the alternating 
magnetic field of a coil, will pass through a complete cycle 
of magnetostrictive force during each half cycle of the alter- 
nating current. Therefore the current tends to excite reso- 
nant vibrations of the rod at twice its own frequency. 

The inverse effect is also observed; that is, if a previously 
magnetized nickel rod is put under tension in the direction 
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of its length) its magnetization is diminished; if the rod is 
compressed) the magnetization increases. 

An electrical-circuit equivalent of a coil with a magnetic 
core, similar to that for quartz crystals, can be deduced. The 
fundamental frequency of a bar of length I having Young^s 
modulus E and density p for longitudinal vibrations is 



For nickel the constants are such that a rod 10 centimeters 
in length has a fundamental frequency of 24.3 kilocycles per 
second. 

Much of the study of magnetostriction oscillators was done 
by G. W. Pierce ® and his co-workers. Generally these are 



(0) METALS 



(b)F«'Ni ALLOYS 

Fia. 17*17 Magnetostriction of ferromagnetic metals and alloys. 

used for lower frequencies to a practical upper limit of about 
70 kilocycles per second. As the most suitable material 
Pierce recommends Invar (36% nickel, 64% iron). Monel 
metals (68% nickel, 28% copper, with small amounts of iron, 
silicon, manganese, and carbon) give good results. 

In some magnetostriction oscillators a d-c polarizing coil 
is used as well as the coil carrying the high-frequency current. 
This insures that the sense of magnetization of the rod is not 
reversed during the cycle, and the vibrations in the rod have 
the same frequency as the electrical oscillations. 

Detailed description of a magnetostriction oscillator rated 
at about a kilowatt has been given by Salisbury and Porter.'® 

17-7 NEGATIVE-RESISTANCE OSCILLATORS 

In a negative-resistance device an increase in current is 
accompanied by a decrease in the voltage drop across it. A 


good example is an ordinary arc 'between carbon electrodes 
at atmospheric pressure. The static characteristic of such 
an arc is well represented by an equation between the arc 
current i and its voltage drop e: 

(17-25) 

where A and B are empirical constants, and where the 
exponent n is usually close to unity. 

Negative-resistance devices may be used to convert power 
from a supply of steady electromotive force to audio- or 
radio-frequency power. For an understanding of the per- 
formance of such elements under dynamic conditions, nega- 
tive resistances may be divided into two classes: (1) if the 
voltage change lags the current change, as in an arc, the 
device is said to be current-controlled; and (2) if the current 
change lags behind the voltage change, as in the dynatron 
(discussed later), the device is said to be voltage-controlled. 
If the clement could adjust itself to changing operating con- 
ditions instantaneously, or at any rate much faster than 
these changes, the relation between current and voltage at 
any instant would be represented by a point on the static 
characteristic, the curved line e(i) in Fig. 17 • 18. Actually, 



Fio. 17*18 Stable {B) and unstable {A) operation of current-controlled 
negative resistance with positive stories resistance. 

the changes of current and voltage can be so rapid that the 
operating point in the diagram follows a so-called dynamic 
characteristic instead. Generally, performance on a dynamic 
characteristic is described by an equation 

di 

e = e{i) +L{j)- (17-26) 

dt 

Since the voltage change on a falling characteristic is of the 
opposite sense as the corresponding current change, L{i) 
must have the positive sign for a current-controlled element, 
as in an inductance, and the negative sign for a voltage- 
controlled element. The only way for the clement to operate 
at a point (e, i) not on the static characteristic e{i) is in con- 
formance with the last equation from which the proper rate 
of current change may be computed. If the voltage drop 
for a given current is instantaneously greater than that 
required by the static characteristic, then the current in- 
creases in a current-controlled element and decreases in a 
voltage-controlled clement. Expressed differently, the oper- 
ating point in the (e, i) plot will show a tendency toward 
clockwise rotation if the element is current-controlled, and 
counterclockwise if it is voltage controlled (Fig. 17 -19). 
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As a simple consequence of this rule, the distinction be- 
tween the two types of elements will be seen to affect the 
stability of operation even in the simple d-c series circuit 
shown in Fig. 17 -20. The straight line (Fig. 17 -18) repre- 
sente the voltage (I 7 . 27 ) 


which the battery can apply to the negative-resistance ele- 
ment at current i*. Its two intersections A and B with the 




VOLTAGE CONTROLLED 


Fia. 17*19 Dynamic characteristics of current-controlled and voltage- 
controlled devices with falling characteristic. 


current-voltage characteristic of the element e{i) are possible 
operating points. Which is stable? For a current-controlled 
element operating temporarily on the straight line and near 
A it will be seen that clockwise rotation of any of the vertical 
vectors e — e(i) shown in Fig. 17 • 18 must take the operating 
point farther from A, whereas nenr B the changes are such 
as to move the operating point nearer to B. Hence jB is a 
stable, A an unstable, operating point for the current-con- 
trolled element. The reverse is tnie for voltage-controlled 
elements, in view of the opposite sign of L. 

If a shunt circuit with an inductive and a capacitive branch 
is connected across an arc, oscillations will be maintained in 
the circuit because of the falling characteristic of the arc. 
Energy transfer is from the arc to the oscillatory circuit, in 
accordance with the clockwise sense of the hysteresis loop 
in the (c, i) plot. The use of an arc for negative-resistance 
oscillators was historically important in the development 


R 



Fia. 17 • 20 Simple d-c series circuit of negative-resistance device. 


this reason this discussion is confined to dynatron action of a 
tetrode. In Fig. 17-21 the screen-grid potential is main- 
tained at a fixed positive value of about 100 volts. The 
control grid potential Ec may be positive or negative as indi- 
cated. If a plate potential Eh somewhat lower than E^ is 
applied, electrons from the cathode (in quantities largely 
determined by Ec) go through the two grids and strike the 
plate. In so doing they release secondary electrons from 
the plate. Their number per unit of current incident from 



the cathode increases as increases. These secondary elec- 
trons have relatively low energy and are drawn to the more 
positive screen grid. Thus secondary electron emission 
tends to decrease the net plate current ih as Eh increases; 
that is, the plate circuit shows negative resistance. 

It is evident that this operation is voltage-controlled j because 
the number of secondary electrons depends upon the energy 
carried by primary electrons when they strike the plate. 
The voltage Eh is the ‘^cause^^ and the net current u is the 
^^cffect.^^ This is the reverse of the effect in an arc, where an 
increase of current produces more ionization in the arc column 
and results in a lower voltage drop. There the current is the 
^*causc” and the voltage drop is the “effect.’^ 

Corresponding to a psychological tendency to identify the 
abscissa with “cause^^ and the ordinate with “effect,^' the 



Fig. 17*22 Falling dynatron-characteristic plate current versus plate 

voltage. 


of radio in the first decade of this century,^^ but arc oscilla- 
tors have since been superseded by dynatron and other 
circuits employing electronic tubes. 

The triode or tetrode, when used as a dynatron, gives a 
negative-resistance characteristic which is voltage controlled. 
It is not good practice to use a triode in this way, for the 
large positive potential needed at the grid may cause exces- 
sive drain on the plate-power supply, overheating of the 
grid, and excessive emission from the cathode, whicIT is espe- 
cially detrimental in tubes with oxide-coated cathodes. For 


dynatron characteristic usually is plotted with Eh as abscis- 
sas and ih as ordinates. In this ‘‘cause^^ versus ‘‘effect^' 
plot, the oscillations of a voltage-controlled system are repre- 
sented by hysteresis loops traversed in the clockwise sense, 
again indicating transfer of energy from the negative-resist- 
ance element to the (this time series-connected) load circuit. 

An example is shown in Fig. 17-22. The negative-resist- 
ance portion is clearly evident. When Eh '> E^ the second- 
ary electrons are presumably emitted from the plate even 
more copiously but are at once caught on the plate instead 
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of the screen grid, which accounts for the rise to larger posi- 
tive values of it as Et becomes greater than E^. Any such 
characteristic as Jig. 17*22 is for a particular value of the 
control-grid voltage Ec, As Ec is made more negative the 
maxunum at A is diminished, since there are now fewer 
primary electrons. For the same reason there are fewer 
secondary electrons; therefore the negative conductance 
given by the general slope from A to J5 is diminished. Hence 
the magnitude of negative resistance may be controlled 
through Ec. Negative resistances of 10,000 to 20,000 ohms 
are typical in small tubes. The dynatron characteristic 
varies from one tube to another, nominally of the same type, 
because secondary emission is a property depending upon 
surface conditions of the plate and is therefore hard to con- 
trol in tube manufacture. 

A typical dynatron circuit is shown in Fig. 17 *23. Here 
the control-grid potential is fixed by a grid-leak-biasing 
circuit. Alternatively, bias potential could be provided by 
a C battery. 

If the characteristic of Fig. 17*21 and the voltages given 
in Fig. 17 * 22 were assumed, the steady average plate current 
would be close to zero. This is not always true; the oper- 
ating point indicated happened to be one for which the 
current reduction by secondary emission just equaled the 
primary current to the plate. 

In Fig. 17*23, if ii is the current through the inductive 
branch and t 2 the current through the capacitative branch, 
so that the plate current is / = ti a^nd E is the applied 
voltage (in this case 60 volts), then 


section, and the equation for the departure e then is 

^ ^ + [1 + fl/'(co)]« = 0 (17-29) 

dr dt 

For this equation the usual solutions of the form represent 
oscillatory solutions growing in amplitude, provided 

[L/'(co) + RC]t < 0 

that is, /'(co) must be negative, and 

1 L 

1 /'(«o) 1 ^ RC 

In other words, the magnitude of the negative resistance 
must be less than L/RC so that oscillations will build up. As 
the amplitude of oscillation becomes finite, the tube begins 



Fig. 17-23 Typical dynatron circuit. 


di\ 

L (- Rii e ^ E 


de 

where e is the voltage drop across the tube for current /. If 
/o and cq are the current and voltage of the steady operating 
point, 

7(c) = /o + 

approximately, where c = c — co is the instantaneous volt- 
age departure from the steady operating value. Hence, 
eliminating ii and 1 * 2 , 

d^€ / dl de\ 

LC— + lL— + RC~) + e + RI = E 

di? \ dt dt) 

and substituting the linear approximation for 7 (e) gives 

dt 

LC— + [L7'(co)+/2C]~ 

+ [1 + 7e7'(co)]€ - 7 ; - /27o - Co (17*28) 
The steady values on the right must add up to zero; therefore 
E — RIq “ cq 

as discussed in relation to stability in the first part of this 


to operate on a cycle involving the curved parts of the charac- 
teristic where I '(e) is less than its value near the center of 
the operating range. This reduces the build-up rate of the 
amplitude until it comes to a finite limiting value, the mag- 
nitude of which is determined by the curvature of the charac- 
teristic rather than by its negative slope. 

17-8 RELAXATION OSCILLATORS 

In relaxation oscillators the frequency-determining ele- 
ment is intrinsically aperiodic, depending upon either the 
charging or discharging of a capacitor through a resistance, 
or the building up or decay of current in a reactor through a 
resistance. Because of the absence of a tank circuit in which 
stored energy is exchanged between an inductor and a capaci- 
tor, their wave form is generally “jerky,*’ that is, far from 
sinusoidal. 

Oscillator of this class are useful only where a special 
non-sinusoidal wave form is required. Sample applications 
are: (a) as a source rich in harmonics, for accurate frequency 
comparison between a standard-frequency oscillator and an 
unknown frequency which is greatly different in magnitude; 
(6) for generating “sawtooth” waves in which the voltage 
increases linearly with time up to a maximum and then snaps 
back to zero (this has an important application as the time 
base in the cathode-ray oscilloscope); (c) to give a periodic 
repetition of rectangular voltage pulses in various signaling 
devices, particularly in radar. As with oscillators of other 
types, relaxation oscillators have closely associated ampli- 
fiers of the same type. Because relaxation oscillators do not 
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contain sharply timed resonant circuits, they usually can 
be forced to operate at a desired frequency by introducing a 
signal voltage of that frequency into the circuit. This is 
important, for example, in the time base of a cathode-ray 
oscilloscope, which must be synchronized with the periodic 
phenomenon under observation to give a stationary pattern 
on the screen. The same is true of cathode-ray tubes in 
television receivers. 

The simplest circuit of this type is indicated in Fig. 17-24. 
At first disregard the lead containing the coupling capacitor 
C 2 . The tube is a cold-cathode gas diode. Such a tube does 
not pass appreciable current until the voltage drop across it 
is about 130 volts. Then a glow discharge continues until 



Fio. 17-24 Relaxation oscillator using a coiulenser charged cyclically 
through resistance R and discharged through cold-cathode gas diode. 

the voltage falls to about 100 volts. Starting with capacitor 
C uncharged, the voltage V across C grows with time accord- 
ing to the law 

V = E(1 - (17-30) 

until V reaches the breakdown voltage of the gas diode. 
When the discharge in the diode starts, it is effectively a low- 
resistance path across the capacitor; consequently the volt- 
age of the latter drops abruptly to that value at which the 
discharge in the diode is extinguished. Then the potential 
across the capacitor again starts to build up imtil it reaches 
the ignition voltage of the gas diode, and so on. The result 
is a sawtooth wave form as in Fig. 17-25, in which the rising 
portions are not linear but are short sections of an exponen- 
tial curve. The output of the oscillator may be taken off 
through the lead attached to the coupling capacitor Ci. 

If it is assumed that Vi is the extinction voltage and V2 
is the ignition voltage of the tube, and that the time of ‘‘fly- 
back^’ (during which the capacitor is discharged through the 
diode) is negligible, then the period T of the oscillations is 

T ^ RC\og ^~^' (17-31) 

E - V2 

To obtain a voltage rise after each discharge which is 
essentially linear with time, E must be large compared with 
Vi and ¥2- This requirement is an undesirable one, since 
it means that the supply must be several hundred volts to 
get an output voltage swing equal to only about 30 volts. 

For a fixed choice of E and of Vi and V2 the period may 
be varied by varying R or C. To synchronize the oscillations 
with some periodic voltage under observation one introduces 


Chapter 17 

this voltage on the lead attached to coupling capacitor C2 
and tunes the circuit until its natural frequency is about the 
same as the voltage across R2- The peaks of the signal volt- 
age then determine the instants at which the voltage across 
the gas diode reaches its ignition value and trigger the dis- 
charge. Thus the relaxation oscillations arc brought into 
synchronism with the signal voltage. 

The voltage-rise curve is curved instead of linear because 
the voltage across resistor R diminishes as the capacitor be- 
comes charged; therefore the current through it diminishes 
and the rate of voltage rise across the capacitor diminishes. 
Evidently a constant-current generator is needed, and it is 
approximately realized by using a high-voltage source in 
series with a high resistance. 



Fig. 17-26 Ojiidenscr voltage a.s a function of time: sawtooth wave 
form with exponential sections. 

The simple circuit of Fig. 17-24 can be improved by re- 
placing resistor R with a constant-current device such as a 
diode or a pentode working near plate-current saturation so 
that plate current does not change much with change in plate 
voltage. If R is the plate resistance of the tube (the rate of 
increase of plate voltage with plate current), then this is the 
effective value of R presented by the tube; and if / is the 
plate current, the effect is as though the voltage were //?, 
but in fact the plate voltage needed for the tube is much 
lower. Moreover, if a pentode is used in this w^ay, the mag- 
nitude of R depends upon the voltages applied to its grids, 
thus affording a convenient possibility of remote control 
of frequency of relaxation oscillations. 

Another drawback of the simple circuit of Fig. 17-24 is 
the relatively small difference between extinction and igni- 
tion voltage of simple gas diodes. This disadvantage was 
overcome by the use of the thyratron. The thyratron has a 
much greater separation between extinction and ignition 
voltage, which moreover is readily controllable. 

Figure 17-26 is an adaptation of the circuit of Fig. 17-24 
in which a thyratron is used in place of a gas diode and a 
pentode as the device which controls the charging rate of the 
capacitor. 

The time constant R3C2 of the cathode-biasing circuit of 
the thyratron should be long compared with the longest 
period of oscillation. To prevent damage to the thyratron 
the protective resistor R2 must be made large enough to 
limit the current through the tube to the safe rated value. 
With adjustable resistor Ri the effective plate resistance of 
the pentode, and hence the frequency of oscillation of the 
circuit, can be varied. 
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These circuits ordinarily are considered to be limited to a 
maximum repetition rate of about 50 kilocycles per second. 
Gas thyratrons produce more stable operation than mercury- 
vapor thyratrons in such circuits. 



Fia. 17-26 Improved relaxation oscillator using discharge through 
thyratron and constant-current charging device. 


The subject of time bases is treated thorouj^hly in a book 
by Puckle.'*^ 

The standard circuit for producing an output rich in har- 
monics is the multivibrator, so called because of the multi- 
tude of harmonics in its output. It is possible to work at 
least up to the 150th harmonic, obtaining enough signal for 
frequency comparisons. The multivibrator is simply a two- 
stage resistance-coupled amplifier in which the output is 
returned to the first tube as input, as indicated in Fig. 17 *27. 



Fig. 17*27 Multivibrator circuit with two symmetrically connected 

tubes. 

Figure 17*28 shows the various wave forms of a sym- 
metrical multivibrator in which the tubes and corresponding 
resistors and capacitors are equivalent. 

Frequency is determined mainly by the product RcC but 
depends also upon other circuit parameters. Multivibrators 


will operate at frequencies up to about 100 kilocycles per 
second and as low as about 1 cycle per minute. If a signal 
voltage is injected into the circuit, the multivibrator may 
adjust itself to operation at a frequency which is an exact 



Fig. 17-28 Phases and wave forms in multivibrator tubes. 


sub-multiple of the signal voltage. In this way the multi- 
vibrator finds important application in generation of sub- 
multiples as well as harmonic frequencies.** 
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CIRCUITS FOR INDUSTRIAL CONTROL 

H. J. Bichscl 


18- 1 fflGH-VACUUM-TUBE CIRCUITS 

M any control signals from indicating elements such 
as phototubes, strain gauges, and similar devices 
are at low voltage or power level. High-vacuwm 
tubes are used primarily to raise the voltage or power level 
of the signal. 

Designers tend to use thyratrons as amplifiers wherever 
possible because of their greater power capacity and their 
relay action; but thyratrons require large swings of grid 
voltage to bring about positive operation, and the signal may 
have to be amplified with high-vacuum tubes. 

In comparison with radio applications, industrial applica- 
tions of vacuum tubes are quite different. Industrial control 
applications seldom require radio frequency. The use of 
amplifier tubes in industrial circuits can best be studied by 
considering the type of signal input, the desired form of the 
output, and the desired amplifier characteristics. 

Type of Signal 

Three general types of signal are most frequently applied 
to an amplifier. 

1. Direct current, slowly varying. 

2. D-c bias with steep-wave-front pulse superimposed. 

3. Periodic at audio frequency. 

A slowly varying d-c signal is frequently obtained by 
balancing a regulated voltage against a reference voltage. 


Fio. 18*1 Amplifier suitable for a slowly varying d-c signal. 

An example of this is a direct voltage regulator with a con- 
stant battery-bias voltage connected to oppose the output 
of a d-c generator. The grid of the amplifier is actuated by 
the difference of the two voltages. Bias voltage might l)e 
106 volts if the regulated generator voltage is to be 110. In 
an application of this kind, the grid may be swung from an 


extremely negative value to an extremely positive value 
with respect to the cathode if the regulated voltage is not 
near the reference voltage in value. Because grid voltage 
may vary slowly, it is necessary to use direct coupling of the 
amplifier, as shown in Fig. 18* 1. 

The signal input may be a non-recurring pulse of voltage 
with steep wave front, such as that obtained in a pin-hole 
detector. Light reaches the phototube for a period of time 
as small as one thousandth of a second while a small hole in 
a steel strip passes between the light source and the photo- 
tube. A capacitor may be used for coupling the phototube 
circuit to the first amplifier stage and for coupling successive 
stages of the amplifier. 

Relatively few industrial control circuits have a periodic 
signal applied to the grid of a vacuum tube. One of the 
few examples is the amplification of the output of an a-c 
strain-gauge bridge to obtain sufficient power for automatic 
control. Audio-amplifier circuits similar to those used in 
radio arc satisfactory. 

Desired Form of Output 

Most industrial control applications do not require high 
fidelity in an amplifier. The usual requirement is that 
minimum cost and maximum amplification be obtained. A 
good example is the use of an a-c power supply for the anode 
circuit with the amplifier tube serving as both an amplifier 
and a rectifier. This principle is applied in photoelectric 
relays where the amplifier is used to operate a relay of the 
telephone type. A capacitor connected around the relay 
coil has sufficient filtering action to prevent chattering of the 
relay. To minimize cost a minimum of filtering of anode 
power supplies is used. 

Desired Characteristics 

The desired characteristic of the amplifier often deter- 
mines the details of design. The characteristic may vary, 
with the application, from that shown in curve A, Fig. 18*2, 
to that in curve B. In curve A, output of the amplifier is 
directly proportional to input signal. In curve B, no output 
is desired up to a certain input signal, at which point the 
output rises sharply to a maximum beyond which it does not 
increase in response to added input. 

A good example of an application in which the character- 
istic Qf curve A would be desirable is an indicating arrange- 
ment in which a strain gauge must give a direct reading of 
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the deflection (rf the member under test. The characteristic 
in curve B is regularly used in regulating systems such as a 
voltage regulator for which maximum sensitivity is desired 
over a range of one or two volts on each side of the regulated 
voltage. For example, the regulator would be designed so 
that no field current would be applied to the generator at 
111 volts, and maximum field would be obtained at 109 volts. 



As a result, the amplifier has tremendous sensitivity so that 
balance at 110 volts is obtained with an accuracy of ±34 
volt. 

18-2 BASIC PHANATRON CIRCUITS 

The phanatron is most widely used as an uncontrolled 
rectifier tube (sec Section 15-2), but in control circuits it is 
\ised also as an uncontrolled switch capable of ^^^losing’^ 
whenever the anode voltage is positive and greater than 
the breakdown value for the tube (about 20 volts for most 
tubes). Two such applications of the phanatron are illus- 
trated in Fig. 18*3. A capacitor C is originally charged with 
the polarity as shown.. Contact M is open. To use capaci- 
tors with the smallest possible voltage ratings, capacitor 
voltage should not reverse during the discharge. The tube 
is used to prevent reversal of voltage. When contact M is 
closed, the capacitor is discharged into transformer Ti. 



Circuit resistance, inductance, and capacitance may be of 
such values that the voltage and current oscillate and cause 
the voltage across the transformer to reverse, making the 
anode of tube 1 become positive with respect to its cathode. 
It then conducts current and transfers the current from the 
capacitor circuit to the tube and minimizes reverse voltage 
on the capacitor. (The reverse voltage is equal to the arc 
drop of the tube.) 


A second application of the phanatron as an uncontrolled 
switch is illustrated by tube 2 of Fig. 18*3. The maximum 
voltage across capacitor C is to be measured while the capaci- 
tor is being charged and discharged about 200 times pier 
minute. This voltage can be measured by paralleling the 
voltmeter and its resistor with capacitor Ci and charging 
the capacitor to the \ oltage across capacitor C by means of 
tube 2. If capacitor Ci and resistor Ri are small compared 
with capacitor C, the voltage across capacitor Ci is equal 
to the voltage across capacitor C minus the arc drop of tube 
2 as long as tube 2 conducts. If capacitor C is discharged 
tube 2 ceases to conduct because its cathode is more positive 
than its anode. Capacitor Ci discharges slowly through 
the high resistance of the voltmeter until capacitor C again 
reaches nearly full charge. Tube 2 then conducts again 
and charges (;apacitor Ci to the same voltage (minus arc 
drop) as capacitor C. Because of the charge on capacitor 
Ciy the voltmeter pointer falls only slightly during discharge 
of capacitor C; the voltmeter can quickly indicate the volt- 
age on capacator C when it is charged. 

The voltage across a capacitor can be used for timing. If 
rapidly recurring intervals are to be timed, the capacitor 



Fia. 18-4 Phanatron list'd as an uncontrolled switch in a timing 

circuit. 

must be discharged quickly between intervals. A pihanatron 
acting as an uncontrolled switch can accomplish this as 
shown in Fig. 18*4. When the switch is closed, capacitor 
Cl is charged through resistors /fi and /? 2 . is small and 
K 2 usually is comparatively large. Voltage across these 
resistors makes the anode of tube 1 negative and it cannot 
conduct. After the timing is finished capacitor Ci is charged 
with the polarity shown. As the switch is opened the capaci- 
tor begins to dis(;harge through Ri and 7^2, creating a voltage 
across them which initiates tube 1 and short-circuits 7^2- 
The capacitor then discharges rapidly through Ai, which is 
small. 

The phanatron may be used as a switch in any circuit in 
which the voltage reverses when the switching action is 
desired. Selection of the proper tube depends upon average 
and peak currents and inverse voltages of the circuits. Igni- 
trons may be used for currents too large for phanatrons, and 
a phanatron may be used to initiate the ignitron. 

18-3 BASIC THYRATRON CIRCUITS 

The thyratron is used extensively as a controlled tube to 
close d-c or a-c circuits at some predetermined instant, 
perhaps in response to an electrical impulse from the con- 
trolled circuit or from another circuit. 
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If the thyratron has a d-c supply, its basic circuit is shown 
in Fig. 18*5. Its components are similar to those used for 
vacuum-tube circuits: the tube, cathode-heater transformer, 
anode supply, load, grid-bias source, grid resistor, grid 
capacitor, and a switch. 

The grid is biaseil negatively so that the thyratron does 
not conduct when the an(xle switch is closed (no input signal). 
The bias required depends upon the characteristics of the 
tube, type of load, magnitude of anode voltage, and the 
source of anode voltage. ^Minimum bias practical for most 
tubes is about 25 volts regardless of their characteristics or 
anofle voltage. If the critical grid voltage is more than 
15 volts negative, grid bias should be at least twice that 
value. These seemingly large values of bias are required to 
prevent false operation of tubes because of line-voltage 

GRID 



Fig. 18-5 Thyratron used iia a controlled switch in a d-c circuit. 

surges, temperature variations, and changes in characteris- 
tics caused by aging of the tube. If the applied negative grid 
voltage is too large, the tube may conduct from grid to anode, 
or it may arc back from grid to cathode. Maximum nega- 
tive grid-voltage ratings usually are given in the rating sheets 
for thyratrons. 

The grid resistor Ro ser\'es three purposes: first, it limits 
the current in the grid circuit before and after the tube con- 
ducts; second, it partly filters line surges in the bias supply 
before they can reach the grid; third, it discharges from the 
grid capacitor any voltage accumulated on it because of 
surges in the anode circuit. To perform the first two func- 
tions the grid resistor should have a large resistance, but it 
should be small to perform the third function. Therefore 
the selection of the resistor is a compromise. 

The grid capacitor is used mainly to prevent the tube 
from ^^shocking over” or conducting (even though proper 
negative bias is applied to the grid) if voltage is applied sud- 
denly to the anode circuit. In some thyratrons the inter- 
electrode capacitance from anode to grid is about as large as 
the capacitance from grid to cathode. If a steep wave front 
of voltage is applied between anode and cathode, the inter- 
electrode capacitances charge rapidly and the grid voltage 
rises. If grid voltage rises to a value greater than the critical 
grid voltage, the tube conducts, provided the grid voltage 
is positive for a time long enough to ionize the gas in the 
tube. In effect the grid capacitor increases the grid-to- 
cathode capacitance of the tube to roughly 1000 times the 
grid-to-anode capacitance; therefore most of the voltage ap- 
pears across the grid-to-anode capacitance when a steep wave 
front of voltage is applied, and the tube does not shock over. 

The grid capacitor and redstor also filter out ^rges or 
disturbances that come in through the grid-bias supply or 


appear across the input resistor from another circuit, lor 
some tubes, certain combinations of resistors and capacitors 
have become somewhat standardized. The resistance ranges 
from 10,0(X) ohms to about 1 megohm; capacitances may 
range from 0.0005 to 0.01 microfarad. Some typical values 
are: 


Tube 

Resistance 

Capacitance 

Type 

(ohms) 

(microfarads) 

RCA2050 

20,000 

0.001 

KII627 

100,000 

0.002 

WI^72 

100,000 

0.002 

WIi)77 

100,000 

0.01 

WL414 

50,000 

0.01 


In the aiKxlo circuit the load may be a combination of 
resistance and inductance, such as relay coil, or a combina- 
tion of resistance and capacitance. Impodanc^e of the load 
must be large enough to limit peak and average currents to 
the rated values; otherwise the tube will be damaged. 

Thyratron Operation with Unidirectional Anode Voltage 

When the switch in the anode circuit (Fig. 18 *5) is closed, 
the tube does not conduct if the negative bias is larger than 
the critical value, and no signal is applied to the grid. To 
make the tube conduct, the grid voltage must be made more 
positive than the critical value. This can b(‘ done by supply- 
ing a voltage across the input resistor Rgi "'hh the grid end 
positive. The current to produce this voltage may come 
from one of several different sources such as a vacuum-tube 
amplifier, another thyratron circuit, a phototube, an impulse 
transformer, a peaking transformer, or from another elec- 
trical device such as a motor or a generator. 

Once the grid voltage becomes more positive than the 
critical value for at least 10 microseconds, the tube conducts 
and the tube drop decreases to about 15 volts. The voltage 
across the load therefore becomes 

El = Ebb ~ Eo (18-1) 

Impedance of the load must be large enough to limit tube 
current to its rated average value, or the tube will overheat 
and it may be destroyed or have its life shortened. 

Once the tube has started to conduct, the grid is no longer 
effective in controlling current through the tube. To stop 
conduction reliably, anode voltage must be reduced to some 
value below the arc-drop voltage for an interval of time 
exceeding the deionization time of the tube. One of the 
easiest means of stopping the current is to open the switch 
in the anode circuit. Conduction can be stopped, however, 
by applying a voltage in series with the anode to make it 
negative with respect to the cathode. Such methods are 
used in inverters, trigger circuits, and other control circuits. 

The d-c thyratron circuit is useful for applications that 
require ‘‘lock-in” operation, such as an overvoltage device 
that is reset manually. The d-c thyratron circuit is also 
useful if the thyratron is actuated by a single high-frequency 
impulse and if it then must conduct current for a long period 
of time. 

Thyratron Operation with Alternating Anode Voltage 

The basic circuit for operating the thyratron from an a-c 
source is shown in Fig. 18*6. The anode voltage becomes 
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positive once each cycle. If the grid bias is less negative 
than the critical value while the anode is positive, the tube 
conducts until the end of the positive half cycle. 




Fia. 18*6 Thyratron used a»s a controlled switch in an a-c circuit. 


The method of obtaining the critical grid characteristic 
for alternating anode voltage is given in Fig. 18-7. If the 
grid voltage is more negative than the a-c critical grid charac- 
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Fia. 18 • 7 Thyratron a-c critical grid characteristic. 


t^ristic the tube does not start to conduct. As grid voltage 
becomes more positive than the critical value the tube starts 
to conduct. 
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Fia. 18*8 Thyratron controlled by varying the d-c grid voltage. 


Two common methods are used to control the initiation 
point. They are known as d-c amplitude control and a-c 
ohase-shift control. Figures 18-8 (a) and 18 -8 (6) illustrate 


d-c amplitude control. If the unidirectional grid voltage is 
more negative than the most negative point on the critical 
grid characteristics, the tube does not start conduction. As 
grid voltage is made less negative, the tube begins to conduct 
at the instant the voltage becomes less negative than the 
critical value. In Fig. 18*8 (a) the tube starts conduction 
at 90 degrees on the uiode-voltage wave. This is the greatest 
possible initiation delay with unidirectional grid voltage 
because, as the grid voltage is made still more negative, it 
will not intersect the critical characteristic and the tube will 



Fig. 18*9 Thyratron controlled by varying the d-c grid voltage on 
which there is superimposed a phase-shifted sinusoidal voltage. 


not conduct at all. In Fig. 18-8 (&) the grid voltage is less 
negative, and the tube conducts nearly maximum current. 
To make the tube conduct maximum current it may be 
necessary to make the grid voltage slightly positive. Posi- 
tive grid voltage measured inside the grid resistor should 
not excecKl 8 or 10 volts, for an arc may occur between grid 
and cath(xle. 

Output current cannot be closely controlled by the d-c 
amplitude meth(xl because the angle of intersection of the 
grid voltage and the critical characteristic is small. This 
means that a small change in amplitude of grid voltage 
causes a large change in the initiation point and consequently 
in tube current. Since small variations in the grid-bias volt- 
age and in the critical grid characteristics cannot be prevented 
without undue expense, d-c amplitude control is seldom used. 
Usually a phase-shifted alternating voltage is superimposed 
on the unidirectional grid voltage as shown in Fig. 18-9 (a). 
The alternating grid voltage lags the anode voltage by 90 de- 
grees; therefore its positive peak first intersects the critical 
characteristic near 180 degrees on the anode-voltage w^ave. 
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By varying the magnitude of the unidirectional grid voltage 
between positive and negative values equal to the peak 
value of the alternating grid voltage, tube current can be 
varied from zero to maximum as shown by Figs. 18 '9 (a) 
and 18-9(6). Tube current can be closely controlled be- 
cause the angle of intersection between the critical grid 



ANOOE VOLTAGE 



Fio. 18* 10 Thyratron controlled by shifting the phase of the sinusoidal 
voltage on the grid. 


characteristics and the grid voltage is large. A small change 
in magnitude of either the alternating or direct grid voltage 
has little effect on tube current, provided the alternating 
component has sufficient magnitude. 

Phase-shift control is accomplished by shifting the phase 
position of the grid voltage relative to the anode voltage of 
the tube. If grid voltage lags anode voltage by 160 degrees 
in phase position the tube conducts only for a small part of 
the half cycle, as shown by the solid grid-voltage wave of 
Fig. 18 • 10 (a). This figure also shows that the tube does not 
conduct if grid voltage lags anode voltage by 170 to 180 de- 
grees (dotted grid-voltage wave) because the grid voltage 
does not intersect the critical grid characteristic in that 
region. The region of non-conduction depends upon tube 
characteristics and upon anode and grid voltages. In tubes 
without shield grids the region may be quite narrow; in tubes 
with shield grids it may be 30 or 40 degrees. In fact, the 
non-conduction region can be controlled by the shield-grid 
voltage. 

As the phase position of grid voltage is advanced from 
that shown in Fig. 18*10 (a), the grid voltage intersects the 
critical grid voltage sooner in the half cycle, and the tube 
conducts for a longer time diuing each half cycle. Figure 
18*10 (b) shows the initiation point and the conducting 
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period when the grid voltage lags the anode voltage by 10 de- 
grees (solid grid-voltage wave). Conduction is almost 
maximum. Maximum conduction is obtained by advancing 
the phase position of grid voltage about 5 degrees more. 
Further advancement does not change the conducting period 
until the grid voltage leads the anode voltage by about 170 
degrees. Then the grid voltage does not intersect the critical 
characteristics, as shown by the dotted grid voltage in 
Fig. 18*10 (b), and the tube does not conduct. Conduction 
does not begin again until the grid voltage is advanced about 
20 degrees more. Grid voltage then is phased as shown by 
the solid curve in Fig. 18*10 (a), and slight conduction 
begins. 

It is evident that the conduction of a thyratron can be 
controlled continuously and smoothly from minimum to 
maximum, and off-on control can be obtained. Control is 
continuous if grid voltage lags anode voltage by 10 to 170 
degrees. Full conduction is obtained from 10 degrees lagging 
to about 170 degrees leading. The tube does not conduct 
if the grid voltage leads the anode voltage by 170 to 190 
degrees. 

18-4 BIAS SUPPLIES FOR CONTROL CIRCUITS 

One of the simplest grid-biasing methods for cither 
vacuum-tube or thyratron circuits is illustrated by Figs. 
18*11 (a) and 18 *11 (b). Figure 18*11 (a) is a vacuum-tube 
circuit in which a part of the anode voltage is used to furnish 
grid bias. This circuit is used where output voltage need 




Fia. 18*11 Amplifier circuits in which part of the anode voltage is 
used to furnish grid bias. 

not be proportional to input voltage, because the grid bias 
changes with load current. As load current increases, the 
voltage drop across the bleeder resistor from AtoB increases. 
This increases the negative bias, which tends to decrease 
plate current. This effect can be minimized if the anode 
current is small in comparison with the power-supply bleeder 
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Phaiie‘Shiftin{^ Circuits 


current. If a thyratron were used in this circuit, the change 
of grid-bias with changing load current would have no influ- 
ence, since grid voltage has little influence on tube current 
after the tube starts to conduct. 

Figure 18-11(6) involves a thyratron with a-c anode 
supply, part of which is used to supply grid bias. Here the 
change in grid bias because of changing tube current is not 
serious, for the tube is extinguished at the end of each posi- 
tive half cycle of voltage. Bias voltage is not affected during 
the negative half cycle and the following positive half cycle 
until the tube is made to conduct by the grid-input signal. 

In many applications ripple in the grid-bias voltage is not 
objectionable, and a half-wave rectifier and a capacitor- 
resistor filter, such as in Fig. 18-12 (a), can be used as a bias 
supply. The rectifier may be either a copper oxide rectifier 



(a) 



Fig. 18 12 Ri^ctificrs suitable for furnishing ^rid bias. 


depending upon the magnitude of the supply voltage and 
the output voltage needed. Phase position of the output 
voltage can be shifted through more than 170 degrees by 
varying the resistance, if the resistance and inductance are 
properly chosen. 

Figure 18 • 13 (6) is the vector diagram for the circuit of 
Fig. 18*13 (a). The reference vector is the transformer 
secondary voltage which is center-tapped. In the exam- 
ple shown by the solid lines the resistance is slightly smaller 
than the impedance of the inductor. Resistor voltage Er is 
in phase with the current through the resistance and induct- 
ance. Voltage El, across the inductance leads the current 
by 90 degrees. Output voltage is the vector voltage between 
the center tap and the junction of the resistor and inductor 
voltages. In the example shown by the dotted lines, the 
resistance has been increased, and the current lags the applied 
voltage by a smaller angle because the circuit is less induc- 
tive. The angle between resistor and reactor voltages is 



Fio. 18* 13 Resist anciMnductanee phase-shifting circuit. 


or a vacuum tube. For voltages of less than 1(K), a copper 
oxide rectifier is probably less expensive, for no filament 
transformer is required. A capacitance of 2 microfarads 
and a resistance of 50,000 or UK), 000 ohms make an adequate 
filter, because almost no current is drawn from the supply 
by the grid circuit. 

For less ripple the full-wave copper oxide rectifier of Fig. 
18-12 (6) may be employed. With the bridge type of recti- 
fier a special center-tapped transformer is not needed. The 
filter in Fig. 18-12 (6) is the same as in Fig. 18-12 (a), but 
more complicated filters can bo used if less ripple is desired. 

18-6 PHASE-SHIFTING CIRCUITS 

Many control circuits require voltages which are shifted 
in phase with respect to each other. In some, the phase 
shift can be fixed; in others, such as the voltage used on the 
grid of a thyratron to control output current, the phase shift 
must be variable. Resistance-capacitance and resistance- 
inductance combinations are used to phase-shift voltages. 

Resistance-Inductance Phase Shifter 

One of the most common phase-shifting circuits is the one 
in Fig. 18-13 (a). It consists of a transformer and a resist- 
ance-inductance combination. The transformer may be a 
step-up or step-down unit (with its secondary c(mter-tapped), 


always 90 degrees, and the locus of a triangle, any two sides 
of which always intersect at right angles, is a semicircle, as 
shown. Output voltage £'o is more nearly in phase with E 
than the voltage £<> of the first example. 

If the resistance is reduced to zero, the output voltage 
lags the applied voltage by 180 degrees. With maximum 
resistance in the circuit the output voltage is nearly in phase 
with the applied voltage; however, it always lags slightly 
because of the voltage drop across the inductor, even though 
the resistance is large compared with the impedance of the 
inductor. 

In designing the circuit, minimum current through the 
resistance-reactance branch must be made large compared 
with the current drawn by the output circuit; otherwise, 
output voltage decreases as the phase-shifting resistance is 
increased. One practical circuit of this type uses a 1250-ohm 
resistor and a 0.7-henry inductor. This circuit is used as a 
phase-shifting circuit or “heat control” for a pair of thyra- 
trons, which in turn initiate two ignitrons that control the 
primary current of a resistance-welding machine. 

Resistance-Capacitance Phase-Shifting Circuit 

Phase-shifted voltage can be obtained from a resistor- 
capacitor circuit like that in Fig. 18-14 (a). A phase shift 
of about 170 degrees can be obtained in this circuit by vary- 
ing the resistance in the circuit. The solid-line vector shows 
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voltage relations with small resistance in the circuit. Here 
output voltage Eq leads the secondary voltage E by nearly 
150 degrees. As resistance is increased output voltage be- 
comes E'o, which leads E by about 45 degrees. 

This circuit is commonly used for a fixed phase shift, as 
in the grid circ uit of a thyratron using amplitude control. 



reflecjted resistance and shifting the phase of the output 
voltage from the phase-shifting circuit. 

Amount of phase shift is limited by the minimum resist- 
ance of the vacuum tube and its voltage and current ratings. 
In the circuit shown maximum shift is approximately 150 de- 
gree.s, if the phase shifter has a high-impedance load. 



Fig. 18-16 Rosisiance-induct ance phiuse-shiftinK circuit in which the 
resistance is varieii <‘lt‘ctrically. 


Capacitor-Transformer Phase-Shifting Circuit 

Another method of shifting phase position is illustrated in 
Fig. 18-15. Here a variable resistor is paralleled with a 
capacitor, and this combination is in series with the primary 
of a small transformer. An alternating voltage is applied 
to the input, and the phase-shifted voltage comes from the 
transformer secondary. 

If the variable resistor is set to zero resistance, the pri- 
mary of the transformer is then connected directly to the a-c 
supply, and the output is nearly in phase with the input. As 
resistance is increased the circuit becomes more capacitive, 
the current leads the applied voltage, and the phase position 
of the output voltage begins to advance. If the resistance 
is large compared with the capacitive reactance, output volt- 
age can be made to lead the applied voltage by 90 degrees or 
more, depending upon the relative sizes of capacitive and 
inductive reactance of the circuit. 

The shape of the output voltage wave from this circuit is 
distorted because of the voltage drop created by transformer 
magnetizing current in the series impedance. However, the 
circuit is extensively used with peaking transformers. 



Fio. 18-15 Capacitor-transformer phase-shifting circuit. 


AVhen the grid of the triode is least negative, the effective 
resistance of the tube is low. Output voltage lags input 
voltage by nearly 150 degrees. Output voltage is nearly in 
phase with input voltage when the grid voltage is highly 
negative and the tube’s resistance is high. 

Figure 18-17 shows a resistance-inductance phase-shifting 
circuit in which the resistance is fixed and the inductance is 
varied by using a saturable-core reactor. Phase shift is 
effected by varying the direi^t current in the saturating coil 
of the reactor, thereby changing the inductance of its a-c 
winding. Its reactance is maximum when voltage on the 
d-c coils is minimum, and it is minimum when voltage on 
the d-c coil is maximum or when the reactor is saturated. 
Output voltage of the phase shifter therefore is nearly in 
phase with applied voltage when voltage on the saturating 
coil is high, and it lags by almost 150 degrees when voltage 
on the d-c coil is zero. 

Voltage for the saturating coil is adjusted by manual 
change of a potentiometer, or by a vacuum-tube system as 
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Fig. 18-17 Ilesistance-inductanct^ phiust^-HhiftinK circuit in which tho 
inductanco is varied electrically. 


Electrically Controlled Phase-Shifting Circuits 

In some circuits phase shift is controlled by varying the 
resistance or inductance electrically. Resistance is varied 
by using the circuit shown in Fig. 18-16. The principle of 
this circuit is to reflect the resistance of the triode into the 
phase-shifting circuit through the full-wave rectifier and the 
transformer. The effective resistance of the vacuum tube 
can be varied by changing grid voltage, thus changing the 


shown in Fig. 18-17. In the vacuum-tube system, output 
voltage is almost in phase with input voltage when the grid 
voltage on the tube is zero; input and output voltages are 
about 150 degrees out of phase when the grid voltage is highly 
negative. The control circuit can be electrically isolated 
from the phase-shifting circuit. This may be desirable if 
the pha^e-shifting circuit operates at high voltage, or if the 
control circuit is a complicated, directly coupled system. 
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18-6 IMPXJLSE-GENERAXraG AND PEAKING 
CIRCUITS 

In many circuits using thyratron tubes, voltage peaks 
with steep wave fronts are needed for initiating conduction. 
Peaks are desirable for initiating conduction because they 
intersect the critical grid characteristic at an angle of about 
90 degrees, thereby accurately controlling the time of initia- 
tion. Since the peak is narrow (10 electrical degrees), a 
large peak can be used to insure initiation without exceeding 


the peaked voltage may not be of the ideal shape shown by 
the first peak of Fig. 18*18 (6), but may be jagged and inter- 
mittent as shown by the second peak. If multiple peaks 
are objectionable, a thyratron can be connected in series 
with the relay contact to close the circuit. The relay con- 
tacts then are closed before the peak is desired, and the 
thyratron tube can be initiated after the contact has quit 
bouncing, to obtain the peak. The relay contacts must 
be oi 3 ened between each peak to stop conduction of the 


the grid current rating of the tube. If a peak is used, grid 
voltage does not remain positive when anode voltage is nega- 
tive. The grid would be positive while the aiKxle voltage 
was negative if a complete a-c wave were used to initiate 
conduction; Fig. 18*9 (6). This might cause the tube to 
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thyratron because it operates on unidirectional voltage. 

Figure 18*19 (a) illustrates a peaking circuit using a 
resistor-inductor combination. Either opening or closing the 
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Fio. 18-19 Resistance-inductanre peaking cimiit. 


arc back because the grid keeps the gas in the tube ionized 
while the anode voltage is negative. Peaked voltages can 
be obtained from d-c resistive-inductive or resistive-capaci- 
tive circuits. Peaks can also be obtained by discharging a 
capacitor into a resistor or into the primary of the trans- 
former. Other transformers, specially designed, can deliver 
peaked secondary voltages when they are supplied by an a-c 
source. 

In the circuit of Hg. 18*18 (a) a single voltage peak is pro- 
duced across resistor Hi when switch 1 is closed, provided 
switch 2 is open. Figure 18*18 (/>) shows the output voltage. 
Switch 1 was closed at time Tq. The magnitude of the peak 
is equal to the supply voltage (minus any voltage drop in the 
supply) since the voltage across the capacitor cannot change 
instantaneously. As the capacitor charges, the voltage 
across the resistor decreases exponentially to zero. Ihe 
duration of the peak therefore depends upon the time con- 
stant of the circuit. 

After the first peak the capacitor must be discharged 
before another peak of the same magnitude can be produced. 
The capacitor is discharged by closing switch 2. Resistor 
R 2 limits peak current through the switch to a safe value. 

In commercial circuits the switch probably would be the 
contacts of a relay. A normally open contact would replace 
switch 1 and a normally closed contact would replace switch 
2. Since the contacts of most relays bounce when they close, 


switch produces a peak across the inductor. At the instant 
the switch is closed the current through resistor Ri and the 
reactor is zero; therefore voltage drop across the resistor is 
zero and a voltage peak equal to the voltage of the d-c source 
appeal’s across the inductor. Current through the inductor 
increases exponentially until it reaches a value determined 
by the voltage of the d-c source and the resistance. As the 
current increases, the voltage drop across resistor Ri in- 
creases and the voltage across the inductor decreases, as 
shown in the first peak of Fig. 18*19 (h). 

When the switch is opened at time Ti, the voltage peak 
is of opposite polarity. As the switch is opened reactor cur- 
rent begins to fall but the change in current induces a voltage 
of such polarity and magnitude as to keep the current con- 
stant. Current through resistors 7?i and R 2 decreases ex- 
ponentially as the energy in the reactor is dissipated. This 
decrease is shown by the second peak of Fig. 18*19(5). 
The peak voltage is the product of the original current and 
the resistance of the discharge path (Ri + R 2 )- The dura- 
tion of the peak depends upon the time constant L{R\ + /? 2 )- 

If a relay contact is used in place of a manual initiating 
switch, a peak in both directions probably will be caused by 
the bouncing of the contacts as they close. This condition 
may not be objectionable; if it is, a single peak can be ob- 
tained by using a normally closed contact and opening the 
contact to obtain the peak. To obtain a second peak, the 
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contact must be reclosecl, and bouncing of contacts may 
produce another peak of the same polarity as the original 
peak. Unless the contact can be closed so that the peaks 
do not initiate conduction of the thyratron this circuit may 
not be satisfactory. A transformer can be used in place of 
the reactor to isolate the peaking circuit from the circuit in 
which the peak is used. 

A suitable peak for initiating thyratrons can be produced 
by discharging a capacitor into a resistor or the primary of 
a transformer. Such a circuit is given in Fig. 18 *20 (a). 
The wave shape of the peaked voltage depends upon the 
relative values of the capacitance, inductance, and resist- 



voltage by 90 degrees, and the flux in the core is in phase 
with the magnetizing current. Starting at current zero, the 
flux in the secondary leg increases until the Hipernik satu- 
rates; the flux then travels through the shunt leg. Before 
the Hipernik saturates, the secondary voltage is of the same 
magnitude as it would be in a conventional transformer. 
After the Hipernik saturates, the secondary voltage quickly 
falls to zero, since d<l>/dt = 0, and remains small until the 
Hipernik desaturates. Then the flux changes from positive 




Fio. 18-20 Peaking circuit .suitable for firing thyratrons. 

ance of the circuit. If a thyratron is used to close the circuit, 
the constants usually are selected so that the circuit is slightly 
oscillatory. The tube then is extinguished when the current 
reaches zero. The relation of circuit constants for this con- 
dition is 

(18*2) 



Fig. 18 -21 Peaking transformer. 

to negative when the c.urrent passes through zero on the 
next half cycle, at which time another peak in the opposite 
direction is generated. 


Figure 18*20 (h) shows the wave shapes of the oscillatory 
voltage and current. 

An A*-C Peaking Transformer 

Often a peak in every half cycle of an a-c wave is needed. 
Several different types of transformers have been designed 
to provide a narrow peak of output voltage on each half 
cycle. Figure 18*21 (a) shows the construction of one of 
these transformers. The magnetic core consists of three 
legs on one of which the primary is wound. The middle 
leg is a shunt with a small air gap in it, and the third leg 
consists of a few pieces of Hipernik over which the secondary 
is wound. Hipernik is a magnetic material which saturates 
very sharply at about 15 kilogauss. 

With an alternating voltage applied to the primary, peaks 
of the type shown in Fig. 18*21 (h) are produced across the 
secondary. The peaking may be understood by considering 
the flux change in the Hipernik. Under steady-state condi- 
tions, the primary magnetizing current lags the applied 


18-7 TIMING CIRCUITS 

Timing circuits may use either vacuum tubes or thyra- 
trons. The thyratron has gained popularity because of its 
characteristic of being either completely conducting or non- 
conducting. 

Any timing circuit depends upon a consistent voltage with 
a known variation with time. Such voltages can be produced 
by resistor-capacitor or resistor-inductor circuits with d-c 
supplies. They are the same as those shown in Figs. 18 * 18 (a) 
and 18*19 (o), except that the capacitor voltage of Fig. 
18*18 (a) and the resistor voltage of Fig. 18*19 (a) are used. 
The resistance-inductance timing circuit is seldom used 
because more power is required; therefore only the resistance- 
capacitance circuit of Fig. 18 *22 (a) is considered here. 

Either the capacitor charging time or discharging time 
can be used as the timing interval. The circuit of Fig. 
18*22 (a) is designed to utilize charging time. As contact 1 
is closed, capacitor C begins to charge from the d-c supply, 
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provided contact 2 is open. Voltage across the capacitor 
terminals can be expressed 

Cc = E{1 - (18.3) 

where E = voltage of d-c supply 
Ri = series resistance 
C = capacitance in microfarads. 

This equation is shown graphically in Fig. 18-22(6.) 
The time constant of the circuit, T, is defined as the time 
required for the capacitor voltage to reach 63.2 percent of 
the source voltage, and it is expressed 

r = (18-4) 

If the negative bias on the tube is 63.2 percent of E and the 
critical characteristic is assumed to be negligible, the time 
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Fia. 18-22 Thyratron timing circuit utilizing capacitor charging time. 

between the closing of contact 1 and the initiation of the 
tube is r = RC. Usually the capacitance is fixed and the 
resistance is variable, if variable timing is desired. Adjust- 
ment in timing is limited to about 20 to 1 and should be not 
more than 10 to 1 if an accuracy of d:l to 2 percent in time 
is desired. If greater adjustment is required, a range switch 
can be used to increase the resistance or the capacitance. 

Selection of proper values of timing resistance, voltage, 
and capacitance is important for accurate timing. Because 
capacitors are more expensive than resistors, designers tend 
to use a small capacitor and a large resistor. Although this 
practice produces the cheapest circuit, it may not be the 
best, because high-resistance potentiometers are short-livetl, 
their resistance changes, and their operation is sometimes 
erratic when they become dusty or dirty. Moreover, induc- 
tive pick-up may produce a large voltage across a high im- 
pedance in the grid circuit. Generally it is good practice to 
use a variable resistance of less than 50,000 ohms, if possible. 
With this resistance, timing intervals of >go to >2 second 


can be obtained accurately by using a 5- or 10-microfarad 
capacitor. 

Timing voltage must be as large as the negative grid bias, 
or the thyratron will never fire. If the grid bias is about 
63 percent of the timing voltage, the calculation of timing is 
simplified, and the timing voltage is changed rapidly enough 
to give accurate timing. Timing voltage should change at 
a rate of 200 volts per second at the operating point for a 
timing accuracy of ±3^20 second. With this precision a 
circuit in which the tube anode is operated from an a-c source 
can be timed to the nearest half cycle. Timers for a-c resist- 
ance-welding machines require timing of such precision. 

After one timing operation has been completed, contact 1 
is opened, contact 2 is closed, and the capacitor is discharged 
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Kio. 18-23 Thyratron timing circuit utilizing capacitor discharging 

time. 

through resistor /i^ 2 - This resistor may be only 50 or 
100 ohms; therefore the discharge is rapid. The anode 
circuit of the thyratron is reset by opening switch 3. This 
operation is necessary only if unidirectional voltage is applied 
to the ancxle. 

Capacitor-discharge time also may be used as the basis 
of a timing circuit, as shown in Fig. 18-23 (a). Here the 
capacitor is charged through contact I and resistor R 2 before 
the timing begins. A positive d-c bias is applied to the grid 
of the tube in series with the capacitor voltage, which is of 
such polarity as to make the grid negative. 

Timing is started by opening contact 1 and closing con- 
tact 2 and allowing the capacitor to discharge through 
resistor Ri. The relative sizes of the resistance and capaci- 
tance determine the time required for the capacitor to dis- 
charge, just as these values determined the charging time 
of a resistor-capacitor combination. As the capacitor dis- 
charges, grid voltage becomes less and less negative, and 
the thyratron fires when the grid voltage becomes less nega- 
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live than its critical grid characteristic, thus ending the 
timing period. See Fig. 18-23 (6). Before the circuit may 
be used again the timing capacitor must be charged by 
opening contact 2 and closing contact 1. 

This circuit compares unfavorably with the capacitor- 
charge timing circuit in two ways: (1) more time must be 
allowed for the capacitor to be recharged than is required to 
discharge the capacitor for resetting the capacitor-charge 
circuit; (2) if the circuits have d-c supplies energized from 
an a-c .source, the discharge timer is not so accurate as the 
capacitor-charge timer, because the discharge timer does 
not compensate for changes in line voltage which occur 
after the timing has started. The capacitor-charge timer 
cornpensiites for changes in line voltage. If the line voltage 
decreases, the grid bias decreases and the d-c voltage for 
charging the capacitor decreases, and thereby the rate of 
increase of capacitor voltage is decreased. This tends to 
keep the timing interval constant. The same effect is evi- 
dent for increase in line voltage. 

The capacitor-discharge timer is not compensated for 
changes in line ^'oltage, since the capacitor is charged before 
the timing interval starts and is disconnected from the 
charging source when timing starts, (^hanges in line voltage 
during the timing interval affect timing unless the grid-bias 
voltage is regulatetl. 

18-8 IGNITRON CIRCUITS 

The ignitron, like the thyratron, is a rectifier; however, it 
is used extensively as a switch capable of carrying large 
currents. The tube can be used in either a-c or d-c circuits, 
but is most frequently used in a-c circuits. 

Operation in A-C Circuits 

Two ignitrons are required for use as a switch in an a-c 
circuit. One tube carries current during the positive half 
cycle of line voltage, and the other carries current during 
the negative half cycle. An ignitron contactor in its simplest 
form is illustrated in Fig. 18-24. The ignitrons are con- 



Fig. 18-24 Ignitron contactor. 


line, through copper oxide rectifier 2, through the switch, 
through rectifier 4 and the ignitor of tube 1 to its cathode, 
to the negative line. When the ancxie voltage and ignitor 
current of tube 1 reach certain values, tube 1 conducts and 
causes the voltage across it to decrease to an arc drop of 
about 15 volts. Load current lasts for one-half cycle, or 


A-c SUPPLY VOLTAGE AND LOAD 
VOLTAGE (MINUS TUBE DROP) 



Fig. 18*25 Contactor voltages. 


until it decreases to the minimum required to maintain the 
an^. If the control switch is still closed, conduction of tube 2 
is initiated in the manner described for tube 1 and continues 
during the second half cycle. A:a long as the (control switch 
is closed, the ignitron contactor conducts. Current and 
voltage across the load arc as shown in Fig. 18-25. As soon 
as the switch is opened ignitor current can no longer con- 
tinue, and the contactor ceases to conduct after completing 
the half cycle during which the control switch is open. 

Operation in D-C Circuits 

Ignitrons arc used as switches in d-c circuits. Such an 
application is illustrated by Fig. 18-26, in which the tube is 
used to discharge a large capacitor into a load. 

The switch from the d-c supply is closed, and capacitor C 
is charged. When the capacitor is fully charged, the switch 
is opened. The capacitor now may be discharged into the 
load by energizing the ignitron. In this circuit a thyratron 
energizes the ignitron. Ignition energy for the ignitron 
comes from capacitor C. 

When the capacitor is to be discharged, a peak voltage is 
applied to the transformer in the grid circuit of tube 2 so 
that its grid voltage becomes positive, and the tube is made 
to conduct. When tube 2 conducts, capacitor C begins to 



Fig. 18-26 Capacitor-dischargo resistance-welding control circuit. 


nected in inverse parallel, and the ignitor circuits are con- 
nected in series through a control switch. 

To analyze the operation of the contactor, assume that 
the anode of tube 1 has just become positive and the anode 
of tube 2 is becoming negative as the starting swkch is 
closed. Direction of ignitor current is from the positive 


discharge through the tube, the ignitor, and the cathode of 
tube 1 into the load. Current through the ignitor causes an 
arc between the ignitor and the mercury pool if the current 
is larger than a certain minimum value (about 40 amperes 
for most -sealed-off ignitrons). This arc causes emission of 
electrons from the mercury pool, and the electrons are 
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attracted toward the positive anode. Thus the gas in the 
tube is ionized and allowed to conduct the discharge current 
from the capacitor into the load. Once the ignitron is con- 
ducting, tube 2 is extinguished, because the arc voltage drop 
of tube 1 is less than the combined arc drop of tube 2 and 
the ignitor drop of tube 1. 

After tube 1 conducts, current continues until the capaci- 
tor has discharged enough so that current through the tube 
approaches zero or becomes so small that the arc becomes 
unstable and goes out. If the arc continues for much longer 
than 0.1 second, the arc travels up the side w all of a metal 
ignitron unless a special ring is provided in the cathode to 
retain the arc on the mercury pool. 

A circuit similar to that in Fig. 18-26 is used in capacitor- 
discharge resistance-welding controls. 

The ignitron-initiating method shown in Fig. 18-26 is also 
applicable to ignitrons operating from a-c sources. Although 
this ignition system is one of the least complicated it has 
several disadvantages. Since ignitor current is carried by 
the load, the load impcdan(;e must be small enough to pass 
enough (airrent to initiate the arc discharge. If the load is 
highly inductive, the ignitor may carry current for a large 
part of a half cycle before it reaches the proper value to 
ignite the tube. This may overheat the ignitor and destroy 
it. If the pow’er factor of the load is high (from 90 to 1(K) 
percent) it is impossible to initiate conduction at the natural 
current zero because the supply voltage is too small to force 
sufficient current through the ignitor. For the same reason, 
initiation of conduction is not reliable on voltages less than 
100 volts rms unless the power factor and impedance of the 
load arc low’. To overcome these limitations ignitrons arc 
sometimes initiated by another system. 

Figure 18-27 depicts the initiating system used on a low’- 
voltage ignitron contactor similar to that of Fig. 18-24. 
The circuits involving tubes 3 and 4 arc identical, so only 
one circuit need be analyzed. The initiating system con- 
sists of an a-c supply, a rectifier RXiy capacitor Ci, and 
tube 3 with its grid bias and grid-impulse transformer. The 
w’inding of transformer in the rectifier circuit is phased 
so that capacitor Ci is charged during the negative half 
cycle of voltage across tube 2. Resistor Ri is chosen so that 
capacitor C\ can be charged almost to the peak voltage of 
the transformer during on(?-half cycle. When the anode 
voltage of tube 2 becomes positive, tube 2 (^an be initiated 
by applying a voltage peak to the primary of transformer 1, 
to initiate tube 3 and discharge capacitor Ci through the 
ignitor circuit of tube 2. Resistor R 2 must limit ignitor cur- 
rent to its maximum rated value. In some circuits a small 


air-core inductance is connected in scries with the resistor 
to round off the current peak and increase its duration so 
that it lasts long enough to initiate ignitron conduction 
reliably. Conduction of tube 1 is initiated in the same 
manner by the initiating circuit connected to its ignitor. 
The point at which conduction in each ignitron is initiated 
in a particular half cycle is controlled by shifting the phase 
position of the peaks applied to transformers 1 and 2. 

Because the energy for initiating conduction comes from 
the a-c supply during the negative half cycle and the ignitor 



Fio. 18-27 Low-voltage ignitron eontactor and initiating circuit. 


current is not limited by the load impedance, conduction of 
the ignitrons can be initiated when their anode voltages 
exceed their breakdown voltages by only small amounts. 
This initiating circuit is more complicated and more expen- 
sive than the circuit shown in Fig. 18-26. Ignitron recti- 
fiers, however, are initiated by circuits similar to the circuit 
in Fig. 18-27. 

Circuit constants vary with the size of the ignitron. A 
small ignitron such as the WL-68 1/686 can be ignited by a 
capacitance of 20 microfarads charged to 300 or 400 volts 
with a resistance of 5 ohms for resistor 2. 
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T ransmission lines commonly used in radio- 
frequency electronic work are almost always of lengths 
comparable to, or long compared with, a quarter 
wavelength. Distributed inductance and capacitance in the 
line have pronounced effects at these frequencies. Although 
the fundamental theory is the same for both electrically 
long and short lines, the practical problems arc much 
different from those encountered on power-transmission 
lines. At 60 cycles a quarter wavelength is 776 miles, 
whieh is considerably more than the longest transmission 
line in service. 

19 1 BASIC EQUATIONS OF A TWO-CONDUCTOR 
LINE 

Most types of two-conductor transmission lines, such as 
two parallel wires, a coaxial cable, or one wire parallel to a 
conducting earth, may be treated as equivalent to a circuit 
consisting of recurring sections of lumpied elements as shown 
in Fig. 19*1. The inductors have self-inductance Li and 
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Fia. 19*1 TransmiMHion line repreatmied by network of recurrent 

elements. 

resistance Ri. The capacitors have capacitance Ci and con- 
ductance Gi. A large number N, say, of such meshes must 
be assumed per unit length of Une so that NLi equals L, the 
inductance per unit length of line. Similarly, the total 
series resistance per unit length, the shunt conductance per 
unit length and the shunt capacitance per unit length, 
respectively, are denoted by /2, G, and C. 

If the upper conductor, at a distance z from an assumed 
pair of reference terminals and at time has a potential 
difference, or voltage, E(z, t) against the opposite point on 
the lower conductor, and if /(^, t) is the current (amperes) 
flowing toward positive z in the upper line and toward nega- 


tive z in the lower line, E and I are related to each other and 
to the line parameters by differential equations: 
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dl 

(19- 1) 
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According to the first equation, the line voltage changes 
along the line because of ohmic drop and also because of the 
back emf of self-induction. According to the second equa- 
tion, the line current changes along the line because of ohmic 
shunt conductance and because of distributed capacitance. 

19-2 PROPAGATION CONSTANT 

While a transmission line has four characteristic param- 
eters, Rf L, C, and G, the manner in which E as well as I 
vary along the line for any given load is completely deter- 
mined by one complex quantity 7 , the so-called propagation 
constant of the line which is in turn a function of the charac- 
teristic line parameters. 

The simplest case, a wave progressing without reflections 
along the line, can be discussed by assuming that the line 
extends homogeneously to z = 00 and is fed at its input 
terminals, at z = 0 , with current /q and voltage Eq from a 
generator at frequency (a/2ir cycles per second. Unless the 
line is free of loss, this wave must be damped as it progresses. 
Such a wave is expressed by the following solutions of equa- 
tions 19 1 and 19-2: 

£(2,0 - AV"*"’* (19-3) 

7(2,0 = (19-4) 

On substituting these in equations 19 • 1 and 19 • 2 it is found 
that 

yEo = {R+ju>L)Io (19-5) 

7/0 - (G+jo>C)Eo (19-6) 

from which the complex propagation constant becomes 

7 {R + j(aL){0 + jwC) (19*7) 

This shows that the propagation constant 7 is a purely 
imaginary number for lines free of loss, and that its real part 
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arises from the presence of one or both of the dissipation 
parameters R and G, Since practical lines have little dissi- 
pation, it is frequently desirable to introduce the quantity 
k = — J 7 , which is real and positive if /Z = G = 0. In this 
case k bears a simple relation to the speed v with which the 
wave progresses along the line 

0) 

~ a= wave number in radians per unit line length (19-8) 


and microwave practice where R and G are small compared 
with L and C, respectively. However, this is not true of the 
transmission lines common at lower radio and audio fre- 
quencies. 

In terms of the previously defined skin-effect parameter z, 
the line resistance per unit length is 

R = (19-12) 


by virtue of equations 19-3 and 19-4. At frequencies so 
high that only a negligible portion of magnetic flux pene- 
trates into the conductors (small skin depth) LC = l/c^, 
where c is 3 X 10^° centimeters per second, the speed of 
light in free space. Equations 19 -3 to 19 -8 then describe a 
wave progressing with the speed of light. The penetration 
of magnetic flux into the conductors has the cffe(!t of slightly 
increasing L without affecting C, and thus of lowering the 
speed of propagation. Usually, however, this correction is 
practically negligible because most of the flux flows outside 
the conductors. 

To demonstrate this explicitly, consider a transmission 
line of two parallel wires, having mres of radius r and a 
center-to-center distance d » r. The inductance per unit 
length is 


L = 4 X 10" 


^log* - + 


henrys per centimeter (19*9) 


the capacitance per unit length is 

C = ^30 X 10^* log farad per centimeter (19-10) 


and therefore 


LC = - 
c. 


1 + 


\ 

d 

log- 

rl 


(19-11) 


Here fi (usually equal to unity) is the magnetic permeability 
of the material of the wire, and 5 is a correction factor which 
at low frequencies assumes the value 0.25 and at high fre- 
quencies sinks to zero. If / is the frequency and p the re- 
sistivity of the conductor material in microhm-(;entimcters, 
the parameter 5 is a function of x = 0.281 r\^ fif I and its 
variation with x is indicated in Table 19 -1 


Table 19*1 


X 

B 

X 

B 

X 

B 

0 

0.260 

4 

0.171 

10 

0.070 

1 

0.249 

6 

0.1.39 

20 

0.035 

2 

0.240 

6 

0.116 

50 

0.014 

3 

0.211 

7 

0.100 

100 

0.007 


For wires of unit permeability (copper, aluminum, and so 
on) and with a center-to-center distance 10 times the radius 
of either wire, the penetration of flux into the wires adds 
inductance sufficient to lower the speed of low-frequency 
waves to a value 5 percent below the speed of light. This 
statement is valid only if the line reactance coL, even at the 
low frequencies considered, is big compared with the line 
resistance. This condition is fulfilled in ultrahigh-frequency 


where /(x) is given in Table 19-2. 


Table 19-2 


X 

fix) 

X 

fix) 

X 

fix) 

0 

1.0000 

4 

1.678 

10 

3.799 

1 

1.005 

5 

2.043 

20 

7.328 

2 

1.078 

6 

2.394 

60 

17.93 

3 

1.318 

7 

2.743 

100 

36.61 


With the help of Table 19-2, the relative importance of 
line resistance and reactance can be discussed in terms of 
the ratio Q = {jaLjR, Generally, since the resistance rises 
quite slowly with the frequency and never faster than its 
square root, Q must rise at least as the square root of the 
frequency. For the two-conductor line 


Q 


^ h)g« - + p5(x)J 


2m/(x) 


(19-13) 


The line will behave more like a resistance or else more like 
an inductive reactance, depending upon how much lower, or 
respectively higher, the operating frequency is compared 
with the frequency at which Q assumes the value unity. As 
an example, consider two copper wires of 0.1 centimeter 
radius 1 centimeter apart. FAjuation 19-13 then gives 
Q == 1 at approximately / = 1700 cycles per second, showing 
that the frequency region intermediate between the two 
extremes falls in the audio range. 

A discussion of the relative importance of the distributed 
capacitance and the shunt conductance in equally general 
terms is not easy. The shunt conductance is not always 
continuously distributed, but it may be localized at insulator 
supports. These lumped contributions can often be ignored. 
Wliere an imperfect dielectric is used between conductors, 
the effective conductance may have noticeable effects. In 
such cases it is usually convenient to consider conductance 
in terms of a complex dielectric constant. Let Co be the 
capacitance per unit length of a line having the same geome- 
try but with vacuum as the dielectric. Then for a medium 
of dielectric constant c the capacitance per unit length is 
C = Co€, and for an imperfect dielectric 




(19-14) 


where c' and e" are characteristics of the dielectric material 
and usually vary with frequency. If the effective conduct- 
ance arises entirely from dielectric loss, equation 19-6 takes 
the form 

ylo ~ (coc^Cq + /a)€'Co)f?o (19-15) 

In other words the line behaves as if the conductance per 
unit length were G = €*%Cq, The ratio G/caC of the quanti- 
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ties occurring in equation 19 -7 thus reduces to a quan- 
tity which is less than 0.01 for dielectric materials used in 
cable construction; therefore conductance losses are corre- 
spondingly small. 

The propagation constant 7 , a complex quantity in the 
presence of line loss, is resolved into its real and imaginary 
parts: 

y ^ a+jp 

where a and are both positive quantities. A wave pro- 
gressing in the ^-direction may be expressed by substituting 
this into equations 19*3 and 19*4: 

E{z, 0 = (19 • 16) 

7(2, t) = (19-17) 

For lines with small loss, /3 = co/v = 2ir/\ denotes again the 
wave number in electric radians per unit length, as the 
quantity k did in the case of an ideal line. The so-called 
attenuation constant a measures the decrease in nepers of 
voltage and current amplitudes as the wave progresses. 
Since the average power crossing a plane ^-constant is given 
hy P — (J^o^o/ 2 )€“^* for waves progressing in the positive 
2 -direction, in a unit of distance the power level drops by a 
factor A factor € represents a change of power level by 

4.34 decibels so that the attenuation of the power level is 
8 . 68 a decibels per unit length of line. 

For the two-conductor line, by separation of equation 
19 • 7 into its real and imaginary parts. 


a = 

<8 = 



+ co^L^)(G^ + a>^C^) +RG- M 
2 

+ + co^C^) - fig + 

2 


(19-18) 

(19-19) 


If R wL, G « «C, these formulas are well approximated by 

= + (1921) 


The first of these shows that the attenuation of such lines 
does not change with frequency. The second relation shows 
that the phase velocity v at which the wave progresses may 
differ by small positive or negative amounts from the value 
1/VLC obtained for an ideal line. The power transfer and 
the signal, on the other hand, proceed with the so-called 
group velocity u, given in this approximation by 

- ^ — = Vlc 

u du) 


u . ^ (19.22; 

which precludes any power or signal transfer at speeds 
greater than c. 

At low frequencies this approximation cannot be used. 
In particular the attenuation as represented by equation 
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19-18 w411 vary with the frequency. The attenuation is 
independent of frequency only if LG = TiC, and such a line 
is said to be distortionless, which would be very desirable in 
communication work. However, RC ^ LG on parallel-wire 
transmission lines of ordinary dimensions and materials, and 
the lines distort badly. This condition could be remedied 
by using poorer insulation and thus increasing G, but only 
at the expense of large, if uniform, attenuation. An impor- 
tant discovery was made independently by Pupin and 
Campbell w^hen they recognized that, by increasing the 
inductance of such lines, not only would the attenuation be 
made more nearly uniform but also it actually would be con- 
siderably reduced. This so-called “loading” increases the 
conductance loss and reduces in approximately reciprocal 
proportion the resistance loss in the line. Since the latter 
preponderates in the unloaded line, the net effect is a reduc- 
tion of the total line losses by 50 to 60 percent or more. The 
added self-inductance does not need to be uniformly dis- 
tributed along the line but can be arranged in lumped coils, 
provided only that the spacing between loading coils is small 
compared to one wavelength. 


19-3 CHARACTERISTIC IMPEDANCE 

In order that a wave may progress without reflections in 
accordance with equations 19 *3 and 19-4, the ratio of voltage 
to current must be the same at all points 2 of the line. This 
ratio is called the characteristic impedance Zq of the line. 
It can be computed for 2 = 0 in terms of the characteristic 
line parameters R, L, G, C by eliminating 7 from equations 
19 - 5 and 19 • 6 . The result is 


__ £0 _ iR +Jo^L 

” /o “ + 


(19-23) 


If a transmission line, instead of extending to 2 == oc, is 
terminated in a load of impedance Zq no reflection will 
originate at the termination. 

The characteristic impedance, generally a complex quan- 
tity, becomes real only if LG = RC, w Inch is the condition 
for a distortionless line. Unless the characteristic imped- 
ance is real, voltage and current are not strictly in phase in a 
simple damped progressive wave. 

The simplest example is a radio-frequency line with negli- 
gible losses, for which Zq becomes real and equal to ^/LJC 
ohms. (Zo is expressed in ohms, not ohms per unit length, 
and refers to the impedance at input terminals of a line of 
infinite length.) The most important practical tw^o-con- 
ductor lines are: 

(a) Parallel wires, each of radius r, center-to-center dis- 
tance d, 

d 

Zq = 120 log* - ohms (19-24) 

r 


( 6 ) Coaxial cable, outer radius b, inner radius a, filled with 
a non-magnetic material of dielectric constant e, 

Zo*»-^log, “ ohms (19-25) 

Ve « 
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(c) Parallel flat strips, separated by a distance d small 
compared with the width w, with space between them filled 
with a non-magnetic material of dielectric constant e, 

^ 1207rd , 

^0 « ■ ohms (19*26) 

€W 

These formulas show that the characteristic impedances 
are of the order of 50 to 500 ohms for lines of ordinary pro- 
portions. 

A line for which (7, but not R, is negligibly small is common 
in practice. The presence of copper loss has the obvious 
effect of attenuating the wave, since part of the power fed 
to the line is dissipated in the line resistance. Another and 
less obvious effect of the conductor resistance is that Zq is 
no longer a real quantity; 

where again Q = wL/R, The form of this expression shows 
that the impedance of the infinite line at input terminals 
has a capacitively reactive component. The conductor 
resistance interferes with the transfer of energy along the 
line, and part of the energy stored capacitively in the electric 
field near the input terminals returns reactively to the 
generator instead of proceeding toward the load. 

This effect assumes an extreme form at low frequencies 
where the inductive line reactance per unit length is small 
compared with the line resistancie per unit length (Q 1 ). 
The characteristic impedance then has a phase angle of 
approximately —45 degrees and a magnitude X^R/wC 
which increases indefinitely as frequency is diminished. The 
propagation constant becomes y = The 

wave is therefore highly damped, and the reactive power 
equals the transmitted power at any line cross section. This 
extreme condition was a cause of considerable difficulty in 
early forms of submarine telegraph cables, until the remedy 
of magnetic loading to increase L was introduced. 

To summarize: The two-conductor line has four param- 
eters, the circuit constants R, L, C, and G. But the over-all 
behavior of the line is more aptly described in terms of two 
eomplex parameters, the characteristic impedance Zo and 
the propagation constant 7 . It is well to point out that this 
description in terms of Zq and 7 may also be extended to 
transmission lines other than two-conductor lines, such as 
wave guides (see Section 19*5), where it would be impossible 
to assign distributed circuit parameters or to describe the 
waves in terms of line voltage and conductor currents. 


Generally, standing waves imply that the line is not used 
to full advantage because the voltage amplitudes in some 
portions, and the current amplitudes in other portions, of 
the line are much greater than the minima required to trans- 
mit the load power. This condition not only increases the 
line loss but also reduces the power-carrying capacity of the 
line, which is limited by the dielectric breakdown strength 
of the insulation. As an example, if the reflected wave has 
an amplitude 50 percent that of the oncoming wave, the line 
can carry only 33 percent of the power which it could supply 
to a non-reflecting load. 

In 60-cycle power transmission even strong reflections at 
the load are not objectionable because the lines arc too short 
electrically to exhibit much voltage or current variation with 
distance. It is then preferable to supply the variable loads 
from constant-voltage power sources and through trans- 
mission lines of characteristic? impedance many times larger 
than the load impedances. In communication applications, 
on the other hand, one strives for a match between line imped- 
ance and line termination and controls the energy flow by 
varying both the signal voltage and the signal current in 
equal proportion. 

Occasionally high standing-wave ratios do occur in high- 
frequency applications, for instance where short lengths of 
line are terminate?d in a short circuit to serve as circuit ele- 
ments. Such line sections represent sharply resonant circuits, 
and at microwave and ultrahigh frequencies they are com- 
monly used as oscillator tank circuits, instead of the lumped 
inductor-capacitor combinations (see Section 19 *9). 

In the presence of a reflected wave, the voltage-to-current 
ratio is no longer constant along the line but varies periodi- 
cally with z. At the load terminals z — a, the ratio must 
assume the value required by the impedance of the load. 
This condition determines amplitude and phase of the re- 
flected wave. If the voltage amplitudes and phases at 
2 — 0 of the incident and the reflected waves are denoted by 
the a-c vectors Ei and Er, then the voltage and the current 
at z arc given by 

E = {Eie-^^ + (19*28) 

I = ~ (19*29) 

^0 

The ratio of these can be made to assume any complex value 
by appropriate choice of the two complex numbers Ei and 
Er- An equation for the ratio of these two wave amplitudes 
is obtained by setting the ratio of the expressions 19*28 and 
19*29, taken at 2 = a, equal to the load impedance: 


19-4 TRANSMISSION LINE WITH LOAD 

If a transmission line of finite length is terminated in a 
load of impedance Zl different from the characteristic line 
impedance, the electrical conditions on the line do not corre- 
spond simply to a single progressive wave traveling from 
generator to load. Instead a reflected wave is set up at the 
load and returned toward the generator. Superposition of 
the reflected wave and the incident wave produces standing 
waves along the line. 


Zl = Z, 


^0 


+ Eri^^ 


(19*30) 


The ratio of the reflected voltage to the incident voltage is 
called the complex reflection coefficient r. At a position z 
along the line, 

r(z) = = 


(19*31) 
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In particular, at the load terminals the reflection coefficient, 
by equation 19 -SO, becomes 


r(a) 


Zl - Zo 

ZT+Zo 


(19-32) 


Evidently r depends only upon the ratio of Zj, to Zo, and it 
is therefore convenient to choose the unit of impedance equal 
to Zo. 

The impedance at an arbitrary z is given by 


or 


1 + 

Z - Zo 


Z = 


Zl) 


1 + rW 
1 


(19*33) 

(19*33a) 


The last equation serves for computing input impedances Z 
for given load impedances First one computes r(a) from 
equation 19*32 and r( 2 ) from equation 19*31, which is 
then substituted in equation 19*33 (a). 


19-6 PROPAGATION OF MODES OTHER THAN 
THE PRINCIPAL MODE 

The definitions and statements of the past sections were 
presented with reference to a two-conductor line, and specifi- 
cally to the principal mode on such a line. The principal 
mode is a process of wave propagation where at any line 
cross section the boundary of each conductor is an equi- 
potential line, and where all currents arc parallel to each 
other and to the direction of wave propagation. This per- 
mits one to define line voltage as the potential difference 
between conductors, and line current as the sum of all cur- 
rent elements, integrated over the section area of a con- 
ductor. 

In all reference to impedance, propagation constant, line 
voltage and current, and in fact all through the customary 
presentation of circuit theory the assumption was implicit 
that the principal mexie is the only one possible for the line 
or circuit under discussion. The need for explicit statements 
regarding the specific mode used does not arise in conven- 
tional power-, audio-, and radio-frequency applications be- 
cause at these relatively low frequencies the principal mode 
happens to be the only one \vithin the frequency band of 
transmission of lines and systems having conventional 
dimensions. Generally this is true as long as transverse line 
dimensions (conductor size and spacings) are small com- 
pared with the free-space wavelength of the wave. 

In the microwave region with frequencies one hundred to 
ten thousand times higher than the highest radio frequencies 
and with wavelengths measured in centimeters, transverse 
line dimensions amount to considerable fractions of a wave- 
length, and the propagation of so-called wave-guide modes 
becomes a reality. In a coaxial line, for instance, the so- 
called cut-off wavelength for the lowest wave-guide mode 
equals roughly the arithmetic mean of the circumferences of 
outer and inner conductor, which means that the line oper- 
ating at frequencies with free-space wavelengths shorter than 
the cut-off value will transmit at least one wave-guide mode 


in addition to the principal mode. A coaxial line with con- 
ductor diameters of 7 and 13 millimeters and operating in 
the 3 centimeter microwave range cannot be safely assumed 
to operate in the principal mode, and treatment by methods 
intended for a two-conductor line may lead to serious 
errors. 

Operation in a wave-guide mode offers important advan- 
tages at microwave frequencies. Most important, such 
operation requires only one conductor, as a hollow metallic 
pipe of circular, rectangular, or other cross section, and thus 
avoids design complications which arise in coaxial lines with 
regard to a needed support for the inner conductor. Also, 
the power rating and line loss of a coaxial line are unfavorable 
if the line is small enough to meet the design requirements 
aimed at the exclusion of higher modes. Limitation for the 
power rating is the electric breakdown at the surface of the 
inner conductor where the electric gradient is relatively high. 
Also, the inner conductor causes high copper loss because of 
the concentration of current in a small sectional area. The 
supports for the inner conductor usually cause additional 
loss and increase the line attenuation. 

Wave guides of various cross-sectional shapes, preferably 
rectangular, have become standard in microwave circuits. 
Just as in two-conductor lines, it is necessary to choose the 
wave-guide dimensions so that only one mode of propagation 
falls within the transmission range of the line. If transmis- 
sion phenomena are restricted to one mode, transmission 
theory for a wave guide becomes formally ulentical, except 
for a few relatively unimportant details, with the theory of 
a tw'o-conductor line operating in its principal mcxle. The 
differences concern numerical values for characteristic im- 
pedance and propagation constants, and a strong frequency 
dependence in guides of these two constants, which is absent 
in principal-mode propagation. 

The electromagnetic fields associated with the principal 
mode in a homogeneous transmission line are characterized 
by the absence of longitudinal field components. For in- 
stance, in a coaxial line the electric lines of force arc straight 
lines extending radially between the inner and outer metallic 
cylinder, and the magnetic field lines are circles concentric 
wdth the axis of the cylinders. It can be proved mathe- 
matically that the existence of a mode with transverse elec- 
tric and magnetic fields (TEM mode) in a cyliiidric trans- 
mission line is contingent on the presence of two or more 
conductors. A TEM or principal mode cannot exist in a 
wave guide. 

In a wave-guide mode either the electric field or the mag- 
netic field, but not both, may be free of longitudinal field 
components, and every wave-guide mode can accordingly be 
classified as either a transverse electric (TE) or a transverse 
magnetic (TM) mode. The electromagnetic fields associated 
with a mode of either type can, for a hollow metallic cylinder 
of arbitrary cross section, be derived with the help of a two- 
dimensional key function. 

Transverse Electric (TE) Modes 

It can be verified by direct substitution that the following 
field vectors satisfy Maxwell’s electromagnetic field equa- 
tions everywhere inside a perfectly conducting hollow cylin- 
der, as well as the boundary conditions at the metallic inter- 
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face, and thus represent a transverse electric wave solution: 
Eg = k{ug X grad 

Eg ^0 

Hg = -kg grad (19*34) 

Ilg — jkg^\l/{f?^*^ + 

Here the two indices z and s refer to vector components 
respectively in the direction of propagation and in the scic- 
tional plane, and the quantity Ug denotes a unit vector in 
the direction of propagation. The key function a func- 
tion of the two sectional variables x, y but not of 2 , is a 
solution of the two-dimensional wave equation : 

(A + y) = 0 (19.. 35) 

within the boundary and is subject to the boundary condi- 
tion that at every point of the metallic boundary the gradient 
of ^ be tangent to the boundary: 

d\l/ 

- = 0 (19 -ab) 

On 


tinuity in the line dimensions, a diaphragm or a bend or 
twist. The field disturbances of the dominant mode caused 
by such obstacles may well be thought of as a superposition 
of attenuated Th] and TM modes of higher order, func- 
tioning as reservoirs for storage of energy during certain 
portions of each cycle; and the combined action of these 
modes may be expressed by the circuit equivalent of a reac- 
tive element shunted across the wave guide.^ 

Comparison of equation 19*39 with the corresponding 
equation for the principal mode in a two-conductor line 
(19 *21) shows that the phase velocity for guide modes shows 
a strong frequency dependence increasing to infinite values 
as the frequency approaches the cut-off value, whereas a 
two-conductor line shows no frequency variation at all if 
jwfectly conducting, and very little if losses are considereil 
to be present. Whereas the phase velocity for propagation 
in a wave guide proceeds with a speed exceeding the speed 
of light c, the signals as well as power transfer proceed with 
the group velocity u which, in a wave guide, is given by the 
equation 

a = - (19*41) 

* V 


This constitutes a so-called eigenvalue problem which means 
that solutions ^(x, y) will exist only for a discrete set of 
eigenvalues There arc as many TE modes as there are 
solutions fc«,n and rj/n of the eigenvalue problem. Each eigen- 
value kt,,n determines the cut-off wavelength for the respec- 
tive mode by virtue of the relation 

2ir 

Xout-ofT = ; (19*37) 

After kg is known, kg may be found by means of the relation 

^ (19-38) 

An infinite set of real values k^^n usually exists, their magni- 
tudes rising with the order number n of the mode. 1'hus in 
view of equation 19*38, only the lowest modes, if any, will 
have a kg which is real, indicating wave propagation with 
the wave velocity (or phase velocity), 


V == 


Vk'^ - 


and the guide wavelength 

K = 


27r 


Vk^ - k^^ 


(19-39) 


(19 -390) 


The higher modes will have a purely imaginary or a real 
propagation constant: 

y = Vk/ - (19-40) 

indicating an exponential decrease for the field amplitudes 
in the positive or negative z-direction, instead of a sine 
variation which is characteristic of a propagating wave. 
The exponentially attenuated waves assume local importance 
in those portions of a line where the propagation of the 
dominant mode is impeded by an obstacle, such as a discon- 


This is always less than the speed of light, and it decreases 
toward zero as the frequency approaches its cut-off value. 

The propagation constant for guide waves in the presence 
of guide loss can be computed with good accuracy by assum- 
ing that the field distribution as represented by ecpiations 
19*34 is not noticeably affected by the power dissipation; 
consequently the quantity forming the imaginary part of 
the propagation constant remains unchanged. The real 
part a, expressing attenuation, can be computed in terms of 
the ^-function by the following formula: 


a 



nepers per centimeter 


(19*42) 


The characteristic impedance of a wave guide is a some- 
what ambiguous concept because it is founded on the con- 
cepts of line current and line voltage neither of which has a 
direct meaning when applied to wave guides. It is possible 
to define the characteristic guide impedance in such a manner 
that the net power transmitted to a non-reflecting load is 
correctly given by the conventional formula 


P = 



(19*43) 


where I is the sum of all current components flowing in the 
positive z-direction, or toward the load. There arc at any 
instant equal amounts of currents flowing in the opposite 
direction, but unlike in a two-conductor line they occupy 
parts of the same conductor as the outgoing current. On 
this basis one computes the total energy flow through the 
cross-sectional area A of the guide, and the current in the 
metal, in terms of the key function, and obtains for the 
characteristic impedance a general expression conforming 
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Avith the definition of equation 19 ‘43. 
mode: 





For the lowest TE 


= 1207r 


\g (mean square of grad yp) 
^0 i^m&x 


ohms (19*44) 


area 


The field distribution for a mode can be conveniently 
plotted, again with the help of the key or eigenfunction yp. 
The electric lines of force associated with a TE mode are the 
lines yp = constant, and the magnetic lines, projected into 
the sectional plane, are their orthogonal trajectories. More- 
over, in order to map the electric field lines in the conven- 
tional manner which expresses the intensity of the field by 
the density of the lines mapped, it is only necessary to space 
the lines ^ = Ci, ^ = C2, ^ = C3, so that the chosen parameter 
values Ci come at equal intervals. 



As an illustration, the rectangular mode with cross section 
as shown in Fig. 19*2 has a twofold infinity of TE modes, 
TEwi.n with corresponding key functions 


^m.n(a:, y) « cos mr 




This is in conformance with the boundary conditions, and 
yields for k, and for the cut-off wavelength 




^cut-off 



(19*45) 


The mode which is almost exclusively used in rectangular 
guides is the TEi.o mode the key function of which is 


^1,0 =* sin — 

'll) 


Its cut-off wavelength, according to equations 19*46, equals 
twice the guide width, and the guide wavelength varies with 
the free-space wavelength thus: 


— 



The attenuation due to copper loss in the guide walls, by 
equation 19*42, is 


a 


1 

4 


(w + 2/0 



PUt-O 


iiL 

wh 


+ 


w 


2XoX 


d 


\ ( J_ -f 

Xo \ Xo \2/i 4w^/ 


Considering the fact that the resistivity of copper, expressed 
in absolute units, is 6.0 X 10“® centimeter, this gives for a 
three-centimeter wave guide of customary dimensions an 
attenuation of approximately 0.5 X 10“^ neper per centi- 
meter. The power level is attenuated by approximately 
1.32 decibel per hundred feet. 

The characteristic impedance for the present case is, in 
accordance with equation 19 *44, 




(19*46) 


Although the characteristic impedance and the propaga- 
tion constant as computed in the preceding paragraphs for a 
wave guide differ considerably from the corresponding quan- 
tities in a two-conductor line, there is a strong formal simi- 
larity between principal and wave-guide modes in all respects 
concerning the transmission process proper. This is borne 
out by an inspection of equations 19*34 as compared with 
the corresponding equations 19*28 and 19*29 for two- 
conductor lines, taken in conjunction with equation 19*31. 
The longitudinal component of the current flowing in the 
metallic boundary of a wave guide is proportional to the 
transverse, or sectional, component of the magnetic field 
adjacent to the boundary. Similarly, the electric field is a 
measure of the voltage at each section. Although it is true 
that the two sectional field components and //« vary within 
each line cross section, their ratio is constant according to 
equations 19 * 34 for an outgoing wave, and varies with varying 
reflection coefficient r exactly like the impedance of a two- 
conductor line. It is thus permissible to extend the trans- 
mission theory of two-conductor lines without formal changes 
to any wave-guide operating in a single TE mode. Of course, 
it is necessary to use the proper values of characteristic 
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impedance and propagation constant at each frequency, both 
quantities now being frequency dependent. 


Transverse Magnetic (TM) Modes 

TM modes are less important in practical applications. 
Their mathematical theory is closely analogous to the one 
of TE modes. The field vectors are represented by the fol- 
lowing solution of Maxwells electromagnetic field equations: 


//a = k(ug X grad 
//* = 0 
Ea = kz grad 


where the same notation is used as in equations 19 *34. The 
key function x(^, y) is a solution of the eigenvalue problem 

(A + Ox(^,2/) =0 (19*48) 

now subject to the condition that the value of x be zero all 
along the boundary of the guide. The cut-off wavelengths 
of the modes are again given by eigenvalues fc,; the phase 
velocity and the guide wavelength are computed by eejua- 
tions 19*38, 19*39, and 19* 39a as before. The formula for 
attenuation of TM modes is simpler than for TE modes due 
to the absence of longitudinal magnetic field and hence of a 
transverse current in the boundary and associated copper 
loss. Instead of equation 19*42 


«TM 



nepers per centimeter (19*49) 


The characteristic impedance for TM modes may be 
defined as for TE modes by equation 19*43. Taking the 
transverse E and II components from equations 19*47 for 
non-reflecting loads and computing net power and conduc- 
tor current one has for the lowest TM mode 


Zo = 



ohms 


(19*50) 


The line integral in equation 19*50 must be extended over 
the entire conductor boundary, while the other integrals refer 
to the section area of the guide. Unlike in the TE modes, 
the current in TM modes is entirely longitudinal and, for 
the lowest TM mode, flows in the same direction all along 
the conductor boundary at a given line cross section. The 
seeming paradox of a net current without equal return cur- 
rent in another conductor, or in a different portion of the 
same conductor, resolves itself if attention is paid to the 
longitudinal electric field component which oscillates at a 
high frequency. The displacement current Dz/Att associated 
with this field component is electrodynamically equivalent 


to a conduction current; indeed, the total displacement cur- 
rent integrated over the section area of the guide is numeri- 
cally equal and of opposite direction to the total line current 
obtained by the line integral over the entire conductor 
boundary. 

As an illustration, the TM modes in a circular wave guide 
have the key function in polar coordinates r, ip\ 

Xm,n{r, V?) = Jmika.m,nr) COS = 0, 1, 2 * * * 
subject to the boundary condition 

This means that the ratio of the guide radius to the cut-off 
wavelength equals the nth root of the Bessel function of 
order m, Jm(^)y divided by 2t, 

For the lowest TM mode in a circular guide this root is 
xo,i = 2.40 and 

2tR 

^ cut-off "* _■ \ ‘ “ 2.62/? 

2.40 

The magnetic lines are concentric circles. To represent the 
magnetic field in its proper strength they might be plotted 
with successive radii r given by 

Jo ^2.40 0 = 0.0, 0.1, 0.2 • • • 0.9 and 1.00 

Caution must be exercised in the practical use of formulas 
for characteristic impedance of wave-guide modes because 
of the arbitrariness of the defining equation 19*43. This 
merely reflects an analogous ambiguity regarding the imped- 
ance value which is to be associated with a given terminating 
load. If the terminating load is in the form of a wire con- 
nected across the height of a rectangular guide at its center, 
the wire resistance needed to absorb all power without reflec- 
tion is clearly higher than for a vertical wire off-center. 
Again a different situation prevails if the terminating load is 
in the form of a resistive coating covering the whole section 
area of the guide; in this case it would be difficult to asso- 
ciate any simple resistance value with the coating. Generally 
speaking, formulas for characteristic impedance are useful 
only in connection with specified types of terminating loads. 
In the case of a resistive coating, the so-called wave imped- 
ance is more useful than the characteristic impedance. It is 
defined as the field ratio A’«///,, multiplied by 1207r to con- 
vert to ohms. This ratio is constant over the guide section. 
A coating with a surface resistivity (ohms i>er square) equal 
to the wave impedance and backed by a metallic surface 
one-quarter wave farther from the generator will absorb all 
incident power without causing reflection, and thus represents 
a matched termination for a guide of arbitrary cross section. 
This point will be more fully discussed in Section 19*11. 


19-6 MEASUREMENT AND EVALUATION OF 
STANDING-WAVE PATTERNS 

At high frequencies where conventional methods of imped- 
ance measurement are impractical, analysis of the standing- 
wave pattern caused by reflections at the load affords a 
valuable method for determining the latter’s circuit prop- 
erties. This approach is of particular value in the case of 
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wave-guide loads. In a wave guide, because of the absence 
of well-defined paths for the currents and terminal points 
for the voltages, the impedance concept loses much of its 
immediate significance, and it is preferable to specify such 
loads, not in terms of an absolute impedance but by its ratio 
to the characteristic guide impedance. This ratio can be 
directly computed from the measured value of the reflection 
coefficient, to which it is related by equation 19 • 33a. Indeed, 
it is often advisable to use the complex reflection coefficient 
itself, instead of an impedance, to characterize the load. 

In carrying out standing-wave measurements along a 
transmission line, one must take precautions designed to 
exclude all modes of propagation other than the desired one. 
For instance, if the standing-wave detector is housed in a 
rectangular wave guide of transverse dimensions w and h, 
it is necessary that it be operated only at frequencies such 
that the frec-space wavelength exceeds the quantity 
2u'ft/ V which is the cut-off wavelength for the 

TEi,i mode, the lowest mode to be excluded. 

If the guide height equals about half the width, as is 
customary design practice, the TE 2 ,o mode even has a 
slightly longer cut-off wavelength. Its symmetry character, 
however, is just opposite to that of the TEi.o mode; conse- 
quently its spurious excitation by that mode is much less 
likely. 

If the transmission line is free of loss, the voltage and cur- 
rent distribution or, more generally, the electric and the 
magnetic fields arc repeated periodically along the line in 
half-wavelength intervals. This is plausible since the phase 
of the incident wave is retarded by ir radians per half w ave- 
Icngth in the direction toward the load, and the phase of the 
reflected wave is advanced an equal amount, adding up to a 
complete cycle of relative phase change between the tw^o 
waves. The electric field, according to equation 19*28, 
varies as 

and its amplitude as 

E =\Ei I Vl + I r' I + 2 I r I cos[2k{z - a) + tf] (19-51) 

The voltage maxima are 

l/?m.xi = 1 A\l(l + |rl) (19-52) 

and occur at places w'here the cosine term equals +1, 
that is 

2k{z — a) + d = 2ir7i (n, an integer) 
or 

n\ 6 

(z-a) = — X (19*53) 

2 4t 

Similarly the voltage minima 

I = l^.-Kl - M) (19-54) 

are found at places where the cosine term equals — 1, that is, 

/ i\\ e\ 

(19.65) 

The square of the electric-field vector varies sintf&K)idally 
with the z-co-ordinate according to equation 19*61, which 


means that the standing-w^avc pattern becomes a sine curve 
w hen an indicator with quadratic response to the voltage or 
to the electric field is employed. This is the case in conven- 
tional microwave standing-wave detectors. At longer wave- 
lengths diode voltmeters with linear response are often used, 
and they result in a more complicated pattern. 

The complex reflection coefficient can readily be found 
from the known position and variation of the standing-wave 
pattern. The ratio of maximum to minimum voltage (or 
electric-field amplitude) determines the magnitude of the 
r-vector since from equations 19*52 and 19*54 


1 Emux I _ 1 + 1 »• 
1 “ I - jr 


(19-56) 


The quantity a is known as the (amplitude) standing-wave 
ratio. Wiien an indicator wdth quadratic response is em- 
ployed, one measures the square of this quantity, often 
referred to as the power standing-wave ratio. 

The phase angle d of the reflection coefficient is related to 
the positions of the maxima or minima. It must be borne 
in mind that the complex reflection coefficient is defined 
with reference to a certain line cross section (z = a in the 
preceding), and that the load termination must be identified 
wdth this cross section. The physical dimensions of a load 
may be considerable compared with one w^avelength. It is 
then necessary to select a reference cross section as the basis 
for evaluation, and the results are characteristic of the load 
as seen at the reference plane. If the reference plane is at 
z == a, the angle d is proportional to the distance from that 
plane to the nearest maximum, to be counted positive in the 
direction toward the generator: 


0 = 


47r(a — z) , (a — z) 

radians = 720 


degrees (19*57) 


It is obviously permissible to disregard in 0 terms which are 
an integral multiple of 360 degrees. 

Standing-w^ave detectors for the analysis of standing-w ave 
patterns make use of an electrostatic probe, that is, a thin 
wire protruding slightly through a longitudinal slot into the 
electric field of the transmission line. The probe response is 
rectified and measured by means of a sensitive d-c galvanom- 
eter. Two possible forms are schematically shown in Fig. 
19*3. The first shows in cross section a standing-wave 
detector in a coaxial line, using a thermocouple meter for the 
r-f indicator. In the second, the standing-wave detector in 
a wave guide with rectangular cross section makes use of a 
rectifying crystal, for instance, a silicon crystal-tungsten 
combination. In each case the slot must be arranged at 
right angles to the tangential radio-frequency magnetic 
field so as not to interfere with the flow of currents in the 
conductor and not to give rise to radiation. The probe 
should not penetrate too far into the field space, otherwise 
it gives rise to reflections in addition to those caused by the 
load, affecting the magnitude of the probe response and thus 
distorting the standing-wave pattern.^ 

Probe and detector are mounted on a movable carriage so 
that they can be shifted to desired z-positions. These are 
read frenn a precise position scale the zero of which is pref- 
erably at the chosen reference cross section z » a. 



Chapter 19 


299 


Circular Transmission Chart 


It is not necessary to measure absolute voltages or abso- 
lute electric-field strengths since relative values only enter 



COAXIAL LINE 

(a) 



Fia. 19*3 Sectional view of standing-wave detector: (a) in coaxial 
line, using as an indicator a resistance wire in combination with a ther- 
luojunction; {b) in rectangular wave guide, using crystal detector. 

into the computation of the reflection coefficient. Of course, 
it is important that the indicators be used only within the 
valid range of their assumed linear or quadratic response 
law. 


19-7 CIRCULAR TRANSMISSION CHART 

Most radio-frequency transmission-line calculations can 
be made with sufficient accuracy by graphical means. Of 
various charts devised for this purpose, one suggested by 
Smith ^ seems to be best suited, because all physical loads 
(complex impedance with positive real part) are represented 
on a finite region of the chart and also because changes of 
line length as well as shifts of the reference plane are repre- 
sented by proportional displacements on the chart (Fig. 
19-4). 

In the Smith chart, a plot of contour lines of load resistance 
and load reactance has been drawn on the complex plane of 
reflection coefficients. These contour lines arc useful in 
problems where it is desired to relate a given standing-wave 
ratio and position of the pattern to the load impedance, or 
conversely where one wants to find the reflection coefficient 
for a given load impedance. Many transmission-line prob- 
lems can be solved without explicit reference to impedance 
or admittance, in which case the complex r-plane may be 
used without a plot of impedance or admittance contours. 
The properties of the chart arc in fact best introduced with- 
out referring to impedance. In this form the chart consists 
simply of a circular line of demarkation, denoting infinite 
standing-wave ratio (| r | = 1). On the chart rim a position 
scale is laid out in fractional wavelengths, with one full 
revolution representing one-lialf wavelength. Pivoted at 
the center is a transparent ^uler with a scale of amplitude 
standing-wave ratios, as shown in Fig. 19 -4. To record the 
result of a standing-wave measurement in the chart, one 
swings the ruler into the angular position computed from the 
observed position of the electric maximum by equation 
19*53. It is customary to measure the position of the elec- 
tric minimum instead of the maximum because of the greater 
attainable accuracy. For this reason, the fractional wave- 
length scales given in the chart (Fig. 19 *4) do not correspond 
to the angle 6 but its supplement. The connotation ‘‘clock- 
wise toward generator^’ refers to a change in the choic^e of 
reference plane; so, for a minimum on the generator side of 
the reference plane one uses that fractional wavelength scale 
which reads in the counterclockwise sense. The standing- 
wave pattern in Fig. 19 -5 is represented in Fig. 19 -4 by 
the position of the ruler shown and by the value a = 2.0 
indicated on the ruler scale; it corresponds to an angle 
0 = 0.058 X 720 degrees and to a value 0.308X on the 
counterclockwise wavelength scale. 

The center of the chart, for standing-wave ratio unity 
(r = 0), is indicative of a matched load (Z = Zq). Points 
on the chart rim (| r | = unity) are indicative of purely reac- 
tive loads completely reflecting the incident wave. Reactive 
loads can differ from each other in the phase relation between 
incident and reflected waves. For instance, if the trans- 
mission line is open-circuited at the reference plane z = a, 
the reflected wave and the incident wave are in phase syn- 
chronism at 2 = a, and the reflection coefficient is plus unity. 
This results in a maximum of the electric field at the open 
line end. If the line is short-circuited at 2 = a, the reflected 
and incident waves arc in exact phase opposition (r = —1) 
at 2 = a, resulting in a node of the electric field. In the 
chart, these two cases are represented by vectors pointing 
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to the riRht, and respectively to the left, from the origin, capacitive region of the chart where the stored energy is 
giving points as indicated in the chart (Fig. 19-6). If the predominantly in the electric field. In a line measuring an 
load is a transmission line free of loss and open-circuited at a exact integral multiple of quarter wavelengths the magnetic 
distance lc.ss than one-cjuarter wavelength from its input and electric fields store equal amounts of energy, indicating 
terminals, the representation in the chart is a point on the a state of resonance. The lag of the reflected relative to the 



Fig. 10 -4 Circular tranamission’chart with impedance contour lines. 


lower half of the rim, because of a rule previously stated and incident wave for capacitive loads is in agreement with custo- 

also because the incident wave leads the reflected wave at mary sign conventions for reactance. If the termination is a 

the reference plane. To see this, one must note that the small condenser C, 

reflected wave at « = o has a retarded phase compared with 1 _ ^ 

that at the open line end where both waves are in phase Z — Zo jij>C 

synchronism; and the incident wave there is again retarded “ z Z °° j ~ 1 — 2jw(7 (lagging!) 

relative to the incident wave at the reference plane. ° 1- 1 

Generally, points within the upper half of the chart circle 

represent inductive loads where the stored energjT is pre- To refer a given chart diagram to a new reference plane, 
dominantly in the magnetic fields. The lower half is the all r-vectors must be rotated through angles proportional to 
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the displacement, and in the clockwise sense if the new refer- 
ence plane is nearer the generator. A full revolution in the 
chart corresponds to a displacement by a half wave. 



Fia. 19-6 Star.ding-wave pattern obtained with quadratic detector. 
Pattern corresponds to chart point in Fig. 19 -4. 
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It is expedient in this case to use Fig. 19-4 upside down for 
the contour lines but at the same time to retain the back- 
ground unchanged, as in Fig. 19-6 (6). 

The plot of load points in the circular transmission chart 
lends itself to a very handy diagrammatic representation of 
load voltage and load current (or transverae electric and 
magnetic fields). 8incr the electric vector at the reference 
plane, for incident amplitude unity, is given by 1 + r, it will 
be seen that the chart vector pointing from the short-circuit 
point (rg =* —1) to the load point represents the electric 
field in magnitude and phase. The current, or the transverse 
magnetic field, are similarly represented by the chart vector 
pointing from the load point to the open-circuit point. The 
net power through the line is given by the product of these 
two chart vectors times the cosine of the angle enclosed, 
which is readily seen to be 1 — | r for an incident wave of 
amplitude unity. 


Short Resonant Lines 


Contour lines of resistance and reactance (normalized by 
dividing through Zo) can be mapped in the circular trans- 
mission chart, as shown in Fig. 19-4. 4'hcsc contour liiu‘s 
crowd toward the open-circuit point (r = 1) for large R and 
X values. 

It is equally feasible to map, instead, the contour lines of 
conductance and susceptance on the same background as 
that of Fig. 19-6 (a). This will result in two families of 



19-8 POWER TRANSFER AND STANDING-WAVE 
RATIO 

More explicitly, the average power associated with the 
incident wave is A\“/2Zo, and with the reflected wave it is 
I r \^(Ei‘^/2Z())y giving a net flow in the direction of the inci- 
dent wav(^ which is equal to the difference. 

Since for small r the power returned by the reflected 
wave is small like r the presence of standing waves is a 
very sensitive test for reflected power. For example, if | r | 
is 10 percent then the reflected power is only 1 percent of the 
incident power, yet the standing- wave ratio is cr = 1.22, or 
= 1.50 for a standing-wave detector with (piadratic re- 
sponse, which can he measured with great accuracy. 

If the power rating of a line is limited by breakdown of 
insulation at a certain voltage Kb then the highest voltage 
occuring is £*/? = (1 + | r |)A\-; therefore breakdown will 
occur when the line transmits power at the rate 


2;Jo(l + 1 '•!)'' 2Zo<r 


(19-58) 



Fia. 19-6 Load regions in the circular chart: (a) with impedance con- 
tour lines; (b) with admittance contour lines. 

circles much like the R and X contours, except that they 
appear rotated through 180 degrees; that is, they will crowd 
toward the short-circuit point (r = — 1) for large Y values. 


Maximum power therefore varies inversely as the ampli- 
tude standing-wave ratio; consequently careful attention 
must be paid to the matching of loads to the transmission 
lines in radio-frequency power circuits. 

19-9 SHORT RESONANT LINES 

If a two-conductor line is terminated in a short circuit 
{Zt = 0) equation 19 *32 yields the value r = —1. Reflec- 
tion is 100 percent, and there is no net power flow along the 
line (neglecting its losses). The reflected wave cancels the 
voltage of the incident wave at the short-circuited end, thus 
producing a voltage node. Current amplitudes add, pro- 
ducing a current loop. If the line length is one-quarter 
wavelength then the other line end has a voltage maximum 
and zero current, giving infinite input impedance. If the 
line measures one-half wavelength there is a voltage node 
and a current loop at the input terminals, giving zero input 
impedance. 
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Generally, for a short-circuited two-conductor line of and therefore the input impedance at the generator is 
length o, the input impedance is -tv uh 


Z = jZo tan ka 


(19-59) 


sin ka sin kb 
Sin k{a + 0) 


(19-60) 


Therefore any reactive value can be obtained by varying 
the length of the short-circuited line through a range of one- 
half wavelength. Similar statements hold for wave guides, 
but k in equation 19 -59 must then be replaced by 

It is instructive to check these statements against the 
procedure of the circular transmission chart. In the chart, 



Fig. 19-7 Reactance labels along chart rim. 


points on the rim are labeled with the proper reactance 
values by the construction of Fig. 19-7. The geometrical 
relations indicated in the figure lead directly to relation 
19-59. It will also be noted that rotation of any point of 
Fig. 19-4 through 180 degrees will change its complex imped- 
ance label to its exact reciprocal value, substantiating the 
fact that a line of length X/4 will make the input impedance 
equal to the reciprocal of the load impedance, coimting the 
characteristic impedance as unity. In particular, a short 
circuit is transformed into an open circuit and vice versa, by 
interposing a one-quarter wavelength section. 

Figure 19-8 represents a line of length a + b short- 
circuited at each end and fed by a generator attached at a 
distance a from one end and b from the other. From equa- 
tion 19-59 the input admittance at the generator is 

1 / , ^ 
y — — y — (cot ka + cot kb) 

Zo 


This becomes infinite at any resonant frequency for which 
the total length a + 6 is an integral number of half wave- 
lengths. The reader will readily verify this statement by 
means of the circular transmission chart. 

Caution should be exercised when identifying an ‘‘open- 
circuited^^ line with a line which is simply left unconnected 
at its load end. The natural assumption would be Zx, « qo 
and r = 1, leading to a voltage loop and current node at the 
load end. This is a good approximation but not quite exact, 
because the open end of the line tends to act as an antenna 
and to radiate into free space. As an antenna it has a radia- 
tion resistance terminating the line with an effective load 
even though no special circuit element is connected. The 
radiation resistance of the end of a parallel-wire line is large 
but not infinite, so r is nearly but not exactly equal to unity. 
Similar remarks hold for the unconnected end of a wave guide. 



Fio. 19*8 Half-wave resonance on transmission-line section. 

The behavior of a parallel-wire line terminated in a short- 
circuiting wire offers a similar complication. Because such 
a wire carries heavy current (the end of the line is a current 
loop), it tends to radiate as a magnetic loop antenna. Thus 
a radiation resistance is introduced, and the terminating 
conductance of the line is not infinite, as it might appear to 
be. To short-circuit a parallel-wire line accurately, it is not 
sufficient simply to use a short-circuiting wire. Instead, a 
large metal plate must be connected to the two wires mth its 
plane perpendicular to the direction of the line. This is espe- 
cially important if the line conductors extend beyond the 
short circuit. In the first approximation the short-circuiting 
wire produces perfect reflection like an ideal zero resistance, 
but the currents in the wire produce magnetic coupling with 
the continuation of the line; consequently a practically 
appreciable portion of the power is transmitted beyond the 
short-circuiting wire. 

19-10 PROBLEMS ILLUSTRATIVE OF USE OF THE 
CHART 

(a) To determine input impedance from load impedance 
and length of line. The load impedance is divided by the 
characteristic line impedance and thus reduced to natural 
units. The corresponding chart point is located with the 
help of the impedance contour lines. A change of reference 
plane from the load end to the input end is represented in 
the chart by a clockwise rotation of the load point through 
an angle representing the length of the line and read from 
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the fractional wavelength scale at the rim of Fig. 19 *4. The 
resulting point, referred to impedance contours, gives the 
desired input impedance. 

(6) To determine the length of a two-conductor line of 
characteristic impedance 150 ohms short-circuited at one 
end and terminated with a 3-micromicrofarad capacitor so 
that the circuit will resonate at / = 220 megacycles. 

At the given frequency, l/ju)C = — 241j ohms = 
(0 — 1.61j)Zo. On the circular chart this is represented by 
an angular reading of 0.338X; and, since the line is to present 
zero impedance at the short-circuited end, the line length 
must be (0.500 — 0.338)X, or 0.162X. The wavelength at 
220 megacycles is X = 136 centimeters; therefore the line 
length required is 22.1 centimeters. 

(c) To determine the input impedance with two or more 
circuit elements shunted across the line (Fig. 19-9). This 
problem requires the use of admittance contours in the chart. 



Fig. 19*9 Transmission lino load<»(i on two U^rminal points. 


this to its reciprocal value [A;/(0.25 + 0,Oj)]Z'o as seen at 
(4). Transition to (5) requires multiplication with k; that 
is, 4.0fc^Zo is the impedance seen at (5). Hence, in order to 
see a match at (5) and points to the left, it is necessary to 
make k equal to 0.50. For instance, if the ratio of outer to 
inner diameter in the line were 3.5, giving a characteristic 
impedance of 75 ohms, inspection of tables of the natural 
logarithms shows that this ratio must be reduced to 1.87 to 
give k = 0.50. In other words, the inner conductor must 
be increased by a factor (6/a)^"”* to give the required trans- 
formation. 

Note that the impedance seen at (2) would have to be a 
resistance larger than unity if the characteristic impedance 



Fig. 19- 10 (a) Quart<?r-wavc transformer for matehiiiK an arbitrary- 
fixed load, coaxial line* arrangement for 8|HJC?ified load. 


Use the chart as in (a) to determine the line impedance as 
seen at a distance a from the load Zl- Change to admit- 
tance; use the chart for finding the reciprocal value by 
rotating the point on a concentric circle through 180 degrees. 
Read the admittance value and add to it the admittance 
l/Zg. The reciprocal of the sum is found by another rota- 
tion through 180 degrees, giving the line impedance as seen 
at Zs‘ This forms the load impedance for the line section of 
length 6, and the input impedance is found as in (a). 

(d) Quarter-wave transformer. It is possible to match an 
arbitrary fixed load Z to a transmission line of characteristic 
impedance Zq by interposing a quarter-wave section of a line 
with different characteristic impedance Z'y. For example, 
let it be required to match the load (1.0 + 1.5j)Zo to a coaxial 
line of characteristic impedance Zq by means of a quarter- 
wave transformer as shown in Fig. 19-10 (a). According 
to equation 19-24 the line section with larger inner conduc- 
tor will have a smaller characteristic impedance Z'o; there- 
fore a given line impedani^e is represented by a larger frac- 
tional value with reference to Z'o than with reference to Zq. 
If Z'o = kZo, change of the reference plane from a point 
(2) just outside to a point (3) just inside the quarter-wave 
transformer, Fig. 19-10 (a), must be accompanied by a 
change of the chart point to one bearing an impedance label 
that is larger by a factor l/k. 

The quarter-wave transformer is placed relative to the 
load (1) so that the line impedance at (2) is a pure resistance 
of magnitude less than unity. According to the chart, Fig. 
19-10 (5), a line length of 0.324X will transform the given 
load (1 + 1.5i)Zo to a value (0.25 + O.Oi)Zo as seen at (2), 
and to [(0.25 + 0.0j)/k]Z'Q as seen at (3). Traveling through 
one-quarter wavelength in the constricted section changes 


inside the quarter-wave transformer had been larger than 
that of the line, instead of smaller as in the example. 

(e) Load-to-line matching with three tuning stubs. A 
common device for matching arbitraiy and variable loads 
to a line is the three-stub tuner consisting of three short 
lengths of transmission line connected in shunt across the 
main line at spacings of a quarter wavelength each and pro- 
vidcKi with adjustable short-circuiting bars. This device 
permits one to transform an arbitrary load Zl to match the 
line Zq so that no standing waves will occur on the line left 
to the matcher. Fig. 19-11 (a). 

Because there is a compensating circulation of reactive 
power between load and matching device, this part of the 
system has to be designed to withstand the attending higher 
voltage amplitudes. 

For a discussion of the three-stub tuner one uses admit- 
tance contours in the chart because of the shunt connections. 
Let the load as seen at the first tuning stub (1) in 
Fig. 19-11 (a) be represented by the chart point (la) in Fig. 
19-11 (6). By properly placing the terminating bar of stub 
(1), a pure susceptance of any desired magnitude and sign 
(inductive for stubs shorter than one-quarter wavelength 
and capacitive for longer stubs) can be placed in parallel to 
the line admittance at (1). Chart point (la) is moved to a 
new position (16) somewhere on the circle of constant con- 
ductance through (la). In particular one adjusts the admit- 
tance of the first stub so that (16) also lies on the circle C of 
Fig. 19-11 (6). Moving on to stub (2) through one-quarter 
wavelength, circle C is transformed to C' by rotating it 
through 180 degrees around the chart center. C' will be 
seen to be a circle of constant conductance going through 
the chart center, hence it is possible to adjust the bar of the 
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stub (2) so that the added line admittance due to the stub 
brings the chart point right into the center, indicating a 
match at point (26). Thus a match has been obtained 
without using stub (3); in order not to spoil the match 
already obtained, stub (3) must be made one exact quarter 
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stubs (1) and (2). For points inside circle C' one has to make 
use of stub (3), but in this case one can do without stub (1). 
To see this, note that a load seen at stub (2) is certainly 
within the permissible region of stubs (2) and (3) if it was in 
the forbidden region of stubs (1) and (2). Thus, for any given 



wavelength long in order to present an open circuit (zero 
admittance) at point (3). 

In Fig. 19-11 (6), a match was obtained by making stub 
(1) longer than X/4 (capacitive), and stub (2) less than X/4. 
There is another solution which would have required both 
stubs to be capacitive. 

Closer examination shows that a similar procedure will 
work for all points (la) outside of circle C' but for no point 
inside that circle. Thus the shaded region in Fig. 19-11 (6) 
indicates the region of the chart which can be matched by 


load, one of the two pairs of stubs will always permit one to 
obtain a match. 

It phould be pointed out that this result can be obtained 
even if the susceptance range of the three tuning elements is 
restricted to inductive (or else to capacitive) values. If the 
adjustable length of each stub is restricted to lengths be- 
tween one-quarter and one-half wavelength so as to give 
only capacitive susceptances, the doubly shaded region in 
Fig. 19-11 (6) can be handled by stubs (1) and (2). Points 
outside the doubly shaded region can always be handled by 
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stubs (2) and (3), This situation assumes practical signifi- 
cance in the case of three-screw tuners customary for match- 
ing loads to wave guides. A screw protruding into the elec- 
tric field of a wave guide has a function very similar to that 
of a tuning stub but, owing to design conditions, it can usu- 
ally add only capacitive but not inductive susceptances to 



Fia. 19*11 (a) Three-stub tuner for matching arbitrarily variable 
loads, schematic view. 



the line admittance. In spite of this restricted tuning range, 
the three screws are capable of matching an arbitrary load 
to the guide 


19 11 TRANSMISSION THEORY, A COROLLARY OF 
FIELD THEORY 

In the conventional presentation of its theory, a trans- 
mission line is usually presented as a limit of a circuit of 
recurring elements as in Fig. 19*1, and the performance is 
computed from the differential equations corresponding to 
this model. This is often referred to as the ‘'engineering'' 
form of the theory, suggesting a contrast with the “physi- 
cist's" approach by way of Maxwell’s equations. In Section 
19-5 it was shown how the “engineering" approach can be 
extended to wave guides in spite of the fact that these do not 
lend themselves to representation by equivalent circuits of 
recurring elements. 

Practical transmission lines differ widely from their ideal- 
ized models with strictly cylindric conductor configuration, 
in terms of which the theorems of transmission theory are 
usually demonstrated. The controversial element thereby 
injected into the subject is apt to create distrust in the 


“engineering" approach even where this treatment is en- 
tirely adequate. Fortunately an exposition of the limita- 
tions of the “engineering" approach is relatively simple. 

Everyone believes, on the basis that no example to the 
contrary has ever been uncovered, that Maxwell's equations 
for the electromagnetic field are an adequate theoretical 
foundation for all work dealing with electromagnetic fields, 
at the frequencies which are employed in engineering. The 
theory of wave propagation along a line consisting of two 
parallel perfect conductors of arbitrary form, based on Max- 
well's equations, shows that such waves exist with the elec- 
tric and magnetic vectors E and H both accurately trans- 
verse to the axial direction of the line. Dielectric losses are 
easily taken into account because their distribution in space 
is proportional to the distribution of the electric energy. 

However, ohmic losses in a material of imperfect conduc- 
tors arc not so rigorously dealt with because they require a 
slight departure from transversality of vectors E and H, 
thus causing a flow of energy into the conductors to provide 
for the dissipation in them. But that is a fine mathematical 
point with very little bearing on practical work. Fancy 
analysis ends by justifying the usual engineering method for 
lines made of good conductors such as are used in practice. 

More difficult in general is the class of phenomena whose 
effects become pronounced at ultrahigh frequencies and 
beyond. This is a difficulty characteristic of all electric- 
circuit theory in which simple parametei*s like L and C are 
assigned to inductors and capacitors. At frequencies so 
high that the wavelength is not great compared with the 
size of the apparatus, the inductors have large distributed 
capacitance, and likewise capacitors show effects of inductive 
reactance. Sometimes such effects become pronounced at 
relatively low frequencies. 

The same sort of difficulty exists in transmission-line 
theory. The relation to Maxwell's theory is well established 
only for smooth straight lines. But engineers arc interested 
in lines with bends in them. Field theory deals with trans- 
verse waves only and may leave the impression that the 
whole calculation fails if the field is not transvei*sc. Yet, if 
a line branches, as in stub-tuner arrangements, there must 
be some local distribution of fields near the branch where 
the fields are not transverse, Ix'cause they cannot be trans- 
verse to both branches of the bran(;hed line at the same time. 
Similarly there arc always local field irregularities wherever 
there are discontinuities in the line at an insulating support, 
where the spacing of a parallel wire line is changed, or where 
the sizes of the conductoi*s in a coaxial cable are changed, for 
example. 

All such irregularities cause local departures from the 
fields of the pure undisturbed transverse waves of the simple 
theory. As such they become lo(jalized storage places for 
electric or magnetic energy; in circuit theory these are repre- 
sented by capacitors and inductors. The practical behavior 
of the irregularities is not difficult to understand, however 
difficult their calculation from their given geometry. In 
this respect the situation is like that in ordinary circuit 
theory — how seldom can the L's and C's of practical engi- 
neering inductors and capacitors be accurately calculated 
from their design dimensions! The shapes used in practice 
create difficult problems, and yet no ^ne worries about any 
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fundamental difficulty with the concepts of inductance and 
capacity on that account. Engineers use impedance bridges 
to measure L and C, and then confidently use the data in 
whatever circuit these circuit elements may be employed. 

The same is true of the various disturbing circuit irregu- 
larities on actual two-conductor lines. There are ahvays 
stretches wdiere the line is regular. The irregularities are 
localized. Their general effect is to introduce reflections on 
an incident wave which can be studied by means of the 
standing-wave technique. By experimental study of the 



Fia. 19-12 Electrio-fiekl configuration at open end of coaxial line. 

reflections a quantitative characterization of the effect of the 
irregularities can be given by describing them formally as 
shunt admittances. 

It is interesting to apply this pioint of view to some experi- 
mental data given by Jackson and Huxley.^ They measured 
the nature of the termination of an open-ended coaxial line 
by observing the standing waves on such a line. The ratio 
of outer to inner conductor radii was 3.55, giving Zq = 76 
ohms. They did this for various w^avelengths expressed as 
ratio of wavelength to mean circumference of the two con- 
ductors, X/[ir(ri + r 2 )]. When this ratio was 6.7, so that the 
wave w^as fairly long compared to transverse dimensions, 
they could not detect any shift in the voltage minimum 
away from a point X/4 from the open end, and the standing- 
wave ratio was ‘flarge.’^ In other w^ords the behavior was as 
if Zf, = 00 , as is assumed in the simple ‘‘engineering^’ theory 
for an open line. 

When the ratio of wavelength to mean circumference was 
brought down to 2.0, they observed that the position of the 
voltage node shifted slightly in such a way as to indicate an 
effective terminating impedance, Zl = 0 — 400j ohms. On 
a circular impedance chart it is hard to get an accurate value 
in this region, but nevertheless the load impedance obtained 
was clearly finite. When the ratio of wavelength to mean 
circumference was further dropped to 0.6, a standing-wave 
ratio of 4.25 was observed with a shift of the voltage mini- 
mum by 0.145X, indicating an effective load impedance of 
28 — 54 j ohms. This is pretty far from being infinite! 

The terminating impedance of the “engineering” approach 
supposedly represents the effect of departures of the actual 
field from the assumed transverse fields of a simple wave. 
Because the electrical field at the end is qualitatively like 
Fig. 19-12, there is some current at the end to carry charge 
to the outside of the outer conductor. In the laboratory it 
is easy to determine that the waves do run out and return 
along the outside of the outer conductor. More detailed 


experiments would probably show that the measured values 
are influenced by the positions of the supports of this outer 
conductor. These in turn could act as reflecting “termina- 
tions” of this outer line, which acts as a continuation of the 
line to cause variations in the effective values of Z/,. Since 
Zl is rather small at the shortest wavelength, there is a 
rather large amount of energy pouring out of the open end 
w hich must be radiated or conducted away along the outer 
conductor. (Equation 19-56 show^s that, for the ob- 
seiw’^ed standing-wave ratio, or = 4.25 and correspondingly 
I r p = 0.62, 38 percent of all power approaching the open 
end was not reflected.) Probably only a small part of this 
power is dissipated in the conductors since they were pre- 
sumably made of copper. 

The same paper contains a study of another situation 
w^here the performance of the line may easily be misrepre- 
sented by its presumed load impedance. To realize a 
matched termination for the coaxial line Jackson and Huxley 
obtained some paper with a thin film of graphite on it, and 
terminated the coaxial line with a flat disk of this material 
having a d-c resistance of 77 ohms — very close to the charac- 
teristic impedance of 76 ohms. Yet it is a fallacy to suppose 
that this termination fulfills physically the condition Z^ = Zq 
for absence of reflection. 

Experimentally they found a standing-wave ratio of 3.57 
and the voltage minimum so located as to indicate an effec- 
tive Zl, of 23.1 — 20. IJ ohms. This was at a wavelength 
such that X/7r(rx + r 2 ) = 2. Since they did not describe 
measurements made at longer w^avelengths, the possibility 
that the graphite film may have some frequencjy dependence 
to its properties is not excluded, although a great variation 
seems unlikely. 

The discrepancy is explained qualitatively as before, for 
the load resistance is the (combined effect of the local fields 
at the end of the line, of an uncertain amount and difficult 
to calculate, together \vith the shunting effect of the graphite 
disk. The measured effective 1/Z/, is an admittance of 
24.8 + 21. 6j millimhos. If the graphite film retains its d-c 
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Fiq. 19 • 13 Proper termination to obtain a matched load in coaxial line. 

value it accounts for 13.0 millimhos of admittance, leaving 
11.8 + 21.6J to be accounted for by radiation and reactive 
properties of the local external fields just beyond the physical 
end of the line. 

The analysis suggests the remedy: A line is properly ter- 
minated in a match only when Z/, really equals Zq; therefore 
if the graphite resistance is to have the correct magnitude 
it muat not be shunted, as a load, by any other part of the 
terminating resistance. This was accomplished as shown in 
Fig. 19-13. The line was continued beyond the graphite 
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disk for X/4 and terminated in a short-circuiting metal plate. 
The line beyond the graphite disk thus presents zero admit- 
tance at the graphite disk and so does not alter its shunt 
admittance. Therefore the complete termination satisfies 
the mathematical requirements of the theory. Experimen- 
tally a standing-wave ratio of 1.02 was found, and this ratio 
was equal to unity within the experimental accuracy. 

The short-circuiting metal plate was made in the form of 
an adjustable piston, and it gave the best standing-wave 
ratio when it was only 0.88 quarter wavelength away from 
the graphite disk. It therefore was providing some inductive 
susceptance, which indicates that the graphite-on-paper disk 
was providing capacitive susceptance, as well as conductance 
to the total admittance reckoned at its location. 

At the shortest wavelength, \/v{ri + r 2 ) = 0.6, with the 
disk alone at the end of the line, the line behaved as if it were 
terminated with an admittance of 22.8 + 2.7j millimhos. 
Previously without the graphite disk the open end was 
found to bo a termination of 7.6 + 14.6j millimhos. The 
difference, which is 15.2 — 11. 9j, is therefore the admittance 
contribution of the graphite disk. This time the disk ai> 
pears to contribute a shunt inductive susceptance. 

The experiments of Jackson and Huxley show that one 
cause of the seeming failure of the circuit tlieory of trans- 
mission is the improper identifi(;ation of existing load condi- 
tions with their presumably equivalent circuit symbols. 
Another source of dis(!repancies is the existence of modes of 
propagation other than the one assumed, at either the ingoing 
or the outgoing reference terminals. With proj^er attention 
to both sources of error, it will invariably be found that one 
of the following three situations prevails. 

(1) If the transmission system is a homogeneous line 
formed by cylindric conductor configurations of good con- 
ductivity, the transmission theory is mathematically equiva- 
lent to the field theory of one mode, the chosen mode of 
propagation. Caution is necessary in order that all other 
modes of propagation, and particularly radiation into free 
space, be excluded. At shorter wavelengths this means 
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that the line must be properly dimensioned and must be 
completely enclosed by one of its conductors. 

(2) If two, not necessarily identical, transmission lines 
lead into and out of an otherwise closed system of arbitrary 
internal conductor geometry, the system can be rigorously 
represented by an equivalent circuit of lumped elements, 
provided that the ingoing and outgoing transmission lines 
are designed to permit the existence of only one mode at 
each reference terminal (reference plane). No restriction is 
needed regarding the presence of higher modes inside the 
system except that their fields must not extend to the refer- 
ence terminals.^ 

This is the usual situation in all engineering problems. 
The system is regarded as a transducer, or four-terminal 
network, the properties of which arc empirically determined 
by three independent measurements such as open- and short- 
circuit tests at each specified frecjucncy. 

(3) If more than one mode of propagation can exist at 
either the input or the output terminals of the system, 
circuit concepts cannot safely be applied, and a more de- 
tailed analysis involving the electromagnetic fields is required. 
The most important illustration is the antenna problem; the 
outgoing power leaves the antenna not only in the form of 
dipole radiation (lowest TM mode of free space) but also 
in the form of higher modes as well. A simple and accurate 
circuit equivalent does not exist for situations in this 
category. 
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Chapter 20 
ANTENNAS 


T. ]\I. Bloomer 


AN antenna is a system or structure for radiating or 
/% receiving radio waves, exclusive of the means for 
A. connecting its main portion with the associated 
apparatus. More simply, an antenna is a device for radiating 
or receiving electromagnetic waves. 

Antennas are used for many purposes, such as point-to- 
point communications, broadcasting systems, direction- 
finding systems, systems of mensuration, transmission of 
power (on an experimental basis), radar, loran, and other 
systems. 

Design is influenced by many factors. In broadcasting, 
for example, radiation should be concentrated in a given 
region for economic reasons. Sometimes, to minimize inter- 
ference with stations on the same or nearly the same fre- 
quency, energy must be radiated in a specified direction at a 
level too low to cause interference. A receiving antenna 
may utilize directional characteristics to increase the voltage 
of the received signal applied to the terminals of the receiver, 
and to discriminate against noise from origins not in the same 
direction as the transmitter. 

Another important factor is the ratio of the bandnadth 
to be radiated or received to the magnitude of the carrier 
frequency. 

Antenna impedance should be in the range where matching 
networks are reasonably eflicient, unless efficiency of the 
system is relatively unimportant. 

The antenna must be designed so that it can be built from 
available material. 

Specifications should describe: 

1. Carrier frequency. 

2. Power to be radiated. 

3. Required field pattern. 

4. Band width. 

5. Permissible impedance range. 

6. Maximum permissible dimensions. 

7. Maximum weight allowable. 

8. Any special features. 

Some of these specifications are affected by economics. 
For example, it is sometimes less expensive to increase the 
power of the transmitter (or the gain of the recover) than 
to increase antenna gain by decreasing the angle of radiation 
of the antenna. 


There are two approaches to obtaining quantitative data 
for design: 

1. Trial-and-Error Methods. Use of data from trial-and- 
error experimentation is a useful method of designing an- 
tennas. I'he data may be represented by charts, curves, or 
empirical equations fitted to experimental curves. 

2. Maihematical Computation. The computation may be 
based on fundamental laws of physics and on assumptions. 
The accuracy of the conclusions depends upon the accuracy 
of the assumptions. 

Frequently trial-and-error methods are used to correct 
for inaccuracies in computation or in basic assumptions. 

20-1 MAXWELL’S EQUATIONS; THEORY OF 
RADIATION >• 2 

From an academic standpoint it is interesting to know 
that Maxwell predicted electromagnetic waves mathemati- 
cally before Hertz detected them experimentally. Maxwell’s 
equations describe the laws of propagation of electromag- 
netic waves. 

Ampere’s Law 

Ampere stated that the work done in carrying a unit 
magnetic pole in a closed path bounding a surface with a 
normal component of current 7 through the surface is 4x7. 
In vector notation for three dimensions Ampere’s law 
becomes 

curlH = 4ir- (201) 

c 

where H » vector magnetic field (force on a imit pole) in 
oersteds 

J * current density in statamperes per square centi- 
meter 

c =* velocity of electromagnetic waves in centimeters 
per second (3 X 10^® in vacuum) 
t = time in seconds. 

Equation of Continuity 

Maxwell extended Ampere’s law by including the effects 
of capacitors in allowing for charges to pile up at points. 
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Induction Field, Radialion Field 


Now 


curl H 


dD 


4irJ H 

dt 


c 


( 20 - 2 ) 


where D is the electric flux vector caused by the piling up of 
charges on capacitors in the system. Equation 20-2 is the 
first of the Maxwell equations. 


Faraday’s Law of Induction 

By applying the Stokes’ theorem to Faraday’s law of 
induction, Maxwell obtained his second equation. 

Faraday’s law: 



c dt 


1 6 
C dt 




BdA 


(20*3) 


where E = 
dl = 

B = 

t = 
dk = 


vector electric field in statvolts per centimeter 
elemental length in centimeters 
magnetic flux vector in maxwells 
flux density vector in gauss 
time in seconds 

elemental area in square (ientimeters. 


In words, voltage induced in a loop is directly proportional 
to the time rate of change of magnetic flux through the loop. 


Maxweirs equations and equations 20*6, 20*7, and 20*8 
are the basic equations of electromagnetic theory. They are 
given here, not for use, but to show that the natural laws 
involved are known. Equation 20*6 is a form of Ohm^s law. 
Equation 20*7 is the mathematical way of saying that a line 
of magnetic flux is a closed loop. Equation 20*8 states that 
a line of electric flux must start and stop either on a charge 
or at infinity and that the electric flux diverging from a vol- 
ume is ec^ual to 47r times the charge within the volume. 

It is known that there is a force on a unit magnetic pole 
in the region of a conductor carrying current. Measurements 
have been made to establish the magnitude and direction of 
the force. The relation has been extended to include the 
effects of capacitors. H is known in terms of J and D, and 
if E is changing, an H exists. 

Faraday's law says that a changing magnetic field sets up 
a voltage in any circuit linked by the magnetic flux. Max- 
well applied the Stokes' theorem and found that a changing 
magnetic field induces an electric field. The solutions to 
Maxwell's equations, particularly for free space, represent 
traveling waves, and Maxwell was thus able to show the 
existence of electromagnetic waves. 


20-2 INDUCTION FIELD, RADIATION FIELD 


Stokes’ Theorem 




curl E*<iA 


(20*4) 


Stokes* theorem is virtually a definition of curl, for it ex- 
presses the conclusions to be drawn from the definition of 
curl. Substituting the right-hand part of equation 20*3 into 
the left-hand part of equation 20 * 4, 


and 


1 d 
c dt 


f 


Bdk 


=/' 


curl E*dA 


curl E = 


1 dB 
c dt 


(20*5) 


Equation 20*5 is Maxwell's second equation. 


Maxwell’s Equations 

Restating, Maxwell's equations are: 


and 

Add to these: 


curl H = 

curl E = 


dD 

•IttJ 4. — 
dt 


c 

1 dB 
c dt 


J = 7E 

div B ~ 0 
div D = 4irp 


( 20 * 6 ) 

(20*7) 

( 20 * 8 ) 


where 7 * admittance per unit volume in statmhos per 
cubic centimeter 

p ■* charge density in statcoulombs per cubic centi- 
meter 


and other terms are as previously defined. 


Elemental Oscillating Doublet 

Antennas can be analyzed by using an elemental oscillating 
doublet in free space, which is a wire of length I (I « X), 


I 



Fio. 20 - 1 Oscillating doublet in free space. 


carrying a current of I cos cat as shown in Fig. 20 * 1 where 

« = 27r/X, the angular velocity in radians per second 
X = wavelength in centimeters 
I = maximum current in statamperes 
I = length in centimeters along the line d = 0 
r = distance in centimeters from the midpoint of I to 
point P 

$ = angle between x-axis and projection of r on plane d = 90 
degrees 

^ = angle to P measured from a line passing through mid- 
point of I and lying in the plane d » 90 degrees 
t » time in seconds 
i«X. 
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From Maxwell's equations the components of the fields at 
any point P are 


//^ = II sin 6 


Hr = 0 
He = 0 
TiV = 0 


Er = 27/ cas B 



(20-9) 
(20 10 ) 
( 2011 ) 
(20 12 ) 



Ee = II sin B 



(20 13) 


(20-14) 


where Ur, and Ih are components of H, the vector 
magnetic field intensity, in the r-, and directions respec- 
tively, and are in oersteds; Er, and Ee are components of 
E, the vector electric-field intensity, in the <!>-, r-, and B- 
directions respectively, and are in stat volts per centimeter; 
c is the velocity of electromagnetic waves in centimeters per 
second. 

Equations 20-9 to 20-14 completely describe the electric 
and magnetic fields at any point P having co-ordinates r, B, 
and 0 according to Fig. 20-1. Equations 20-10, 20-11, and 
20-12 seem reasonable from the basic conception of a mag- 
netic and electric field. All comnonents of H except II^ 


z 



Fio. 20-2 Field pattern of an oscillating doublet. 


involving 1/r^ represents what is called the induction field, 
and the term involving 1/r represents the radiation field. 

Equation 20 • 13, describing Er, the radial electric field, is 
made up of two components 90 degrees out of time phase. 
The term involving 1/r^ represents the magnitude of the 
quasi-static field. The term involving 1/r^ represents the 
magnitude of the induction field as in equation 20-9. The 
induction portion of the electric field is 180 degrees out of 
time phase with the induction portion of the magnetic field. 
Er has no radiation component. 

Equation 20-14 describes Ee, the clectrio-field intensity 
in a plane of the doublet. It has quasi-static, induction, and 
radiation terms. The quasi-static field is in time phase 
with the quasi-static field of AV. The induction component 
of Eb is also in time phase with the induction component of 
Er. The radiation term of Ee is in time phase with the 
radiation term of the magnetic field 77^. When r = X/27r 
the induction and radiation fields of 77^ are equal, the quasi- 
static and induction terms of Er arc equal, and the quasi- 
static, induction, and radiation terms of Ee are all equal. 

Radiation Fields. For r » X we have the radiation fields: 



(20-15) 


( 20 - 10 ) 


where the symbols are as identified for equations 20-9 to 
20-14. Equations 20-15 and 20-16 are for traveling waves. 


z 



Fio. 20-3 Three-dimensional field pattern of an oscillating doublet. 


would be expected to be zero. also would be expected to 
be zero. 

Equation 20-9, describing 77^, shows two components 
90 degrees out of time phase for any given point in space. 
The first tenn in the brackets has a multiplier of 1/r^. The 
second term is directly proportional to 1/r. The second 
term has its greatest significance for large values-^f r; and 
the first term predominates for small values of r. The term 


as evidenced by the t — (r/c) terms. The magnetic field is 
polarized so that it is perpendicular to the line of propaga- 
tion and perpendicular to the line of the doublet. The elec- 
tric field is polarized so that it is perpendicular to the line of 
propagation and in a plane of the doublet. Electric and 
magnetic polarizations are perpendicular to each other in 
space. They are in time phase and equal in magnitude if 
II^ is in electromagnetic units and Ee is in electrostatic units. 
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Field Patterns. For a given r and o) the magnitude of the 
vectors is proportional to sin $. A field pattern or radiation 
diagram of an antenna is the relation of the magnitude of 
its field to angular direction, always maintaining a constant 
distance from the antenna. Figure 20*2 shows the field 
pattern for the elemental oscillating doublet shewn in Fig. 
20*1. Equations 20*15 and 20*16 are functions of 6 and 
not of <l>. Hence for a three-dimensional representation of 
the pattern of an oscillating doublet, the pattern of Fig. 
20*2 can be rotated about the line of the doublet (6 = 0). 
(See Fig. 20*3.) 

Equations 20*15 and 20*16 show that Ee and for 
ry>\ vary inversely with distance. 

Linear Antennas 

Current Distribution. So far only an elemental oscillating 
doublet has been discussed. If the dimensions of an antenna 
in free space are known and the current distribution can be 
assumed with some accuracy, there is a good method of 
analyzing the field set up by an antenna. Consider, for 
example, an antenna in free space that is X/2 long, where 
X = c//. Distribution of current on the antenna wire is not 
known in advance. If there were no radiation and the 
resistance of the antenna were negligible, the current dis- 
tribution would be that of an open-circuited lossless trans- 
mission line. Current distribution then would be (Fig. 
20-4) 

2tTCZ 

Ig = Iq cos • cos oit (20 • 17) 

X 

w’here Ig = peak current in statamperes at a distance of z 
centimeters from the center of the antenna 
Iq = peak current in statamix^res at z = 0 

and other terms are as previously defined. Figure 20*4 
shows the magnitude of the current. 

Field at a Remote Point If the antenna of length X/2 
is considered to be made up of a large number of dis- 
crete elemental doublets joined end to end, each dou- 
blet having a length of Az centimeters and a current of 
Iq cos(27r2„/X) cos (at statamperes, with Zn representing the 
distance in centimeters from the center of the elemental 
doublet to the center of the over-all antenna, then by sum- 
mation the field at any point P can be determined. Figure 
20*4 depicts a discrete elemental doublet and its current. 

The field at P is made up of the vector sum of the fields of 
all the discrete elemental dipoles in the over-all antenna. 

For simplicity P is assumed to be so far away that lines 
from the end points of the antenna to P are effectively 
parallel, and the answers arc not valid if P is closer. Angle 
Bn between the axis of the antenna and the line joining dou- 
blet n to point P is almost equal to 0. Such a simplification 
is not required, but the resulting integration is far simpler. 

Call r the distance in centimeters from the center of the 
antenna of Fig. 20*4 to point P; Zn is distance from the 
center of the antenna to the center of the nth elemental dou- 
blet in centimeters; Az is the length of the doublet in centi- 
meters; X is the wavelength in centimeters; « is angular 
velocity in radians per second ; and t is time in seconds. Then 
T Zn cos 0 is the distance from the nth discrete elemental 
doublet to point P. 


Hit, resulting from doublet n carrying a current of 
Iq cos (2irZn/\) cos <at statamperes is 


H^n ■“ 

^ /27rZn\ r 0 ) 1 / r—Zn COS AT 

IqAz COS I ) sin 6 — sin co i / I 

\ X / Lc^ r—ZnCosS \ c /J 

If Zn » r and r — Zn^r, 

U 7 A . r « 1 . / r - Zn COS 

Hiftn = IqAz cos ^ “ sin (a yt y J 

Similarly, 

(2irZn\ . r w 1 / r — Zn cos 1 

Fen = i oAz cos I 1 sin 0 - sin w ( / 1 1 

(20*18) 


where //^n = 4> component of vector magnetic field intensity 
in oersteds caused by doublet n 
Een — 0 component of vector electric-field intensity 
in statvolts per centimeter caused by doublet 
n 


and other terms are as previously defined. 



Fig. 20 • 4 Current distribution on a half-wave antenna in space. 


Figure 20 • 5 show\s the relative time phase and magnitude 
of the vector fields at P. Shrink Az to 0 as a limit; then 
Zn z. The vector sum of all //^n elements at P is 


w 1 /A ^ TZ o)Z cos 6 

Hit, = /o “ sin ^ sin o) I f ] I cos — cos dz 

r \ c/J-x/4 X c 


Similarly, 


(20*19) 


Ee 


w 1 . / r\ TZ (i)Z cos 9 

io - sin ^ sin o) I e J I cos — cos dz 

r \ c/J^\t4 X c 


(20-20) 
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Carrying out the integration, 

cos(-co8 0) 
/o V 2 / 


//* = 2 


cr sm ( 




and 


E$ ^2- 


cas ( - cos ^ ) 
h \2 ) 


• sin 


er sm i 


"(‘"D 


( 20 - 21 ) 


( 20 * 22 ) 



Fio. 20*5 Time vector components of //^ or E% of an antenna element 
n at a remote point P, 

The most used unit of signal strength is the strength of 
the electric field expressed in millivolts per meter. Equa- 
tion 20 *22 becomes 


/o 

E9 = 37.3 - • 
r 


cos 




sin 6 




(20*23) 


where £$ = electric field in the direction at P in millivolts 
per meter (peak) 

Iq = current in amperes (peak) at a point X/4 from 
the end of the antenna 

r = distance in miles from the antenna to point P 
c == velocity of electromagnetic waves (186,000 miles 
per second) 

$ » angle between the axis of the antenna and the 
line joining the midpoint of the antenna to 
point P 

and t and co are as defined for equation 20 * 14. 

Equation 20 * 23 may be written 


where 


lo 

Ee * A'(^)37.3 — sin 
r 


“('-D 


cos 


K(e) = 




sin d 


(20*24) 


K{d) is the field pattern for a half-wave antenna in free space. 
Equations 20*18 to 20*24 are for a half-w’ave antenna in 
free space, and are based upon r being much greater than 
X/2 and upon the assumption of a current distribution on 
the antenna equivalent to that on a lossless line of the same 
length. Experience shows that the current distribution in 
antennas is not quite as assumed. Equations 20*21, 20*22, 
and 20 * 23 are accurate for ^ > 15 or 20 degrees. For d < 15 
or 20 degrees the expressions are not accurate; hei® the error 
in assuming current distribution of a lossless line has its 


greatest effect. In most practical problems, however, it is 
sufficient to assume the current distribution of a lossless line. 

General Considerations. Antennas of any length in free 
space may be analyzed in a manner similar to the method 
used for a half-wave antenna. The equation for intensity 
becomes more involved if the length of the antenna is not 
an integral number of half waves long. If the length of the 
antenna is an odd number of half wavelengths long,^ 



If the antenna is an even number of half wavelengths long,® 


Ee 



(20*26) 


where I = length of the antenna in the same units as X 
X = wavelength in the same units as 1. 


Eej Jo, Sy and r are as defined for equation 20-23, and < is as 
defined for equation 20*14. 


20*3 IMAGES 

In considering the effects of the ground on the radiated 
field at a point P in space, assume first that the earth is a 
perfect plane reflector, then at P there is a component of 
field from an elemental doublet along a direct path or ray 



Fig. 20 • 6 Reflection by the use of images. 


and another along a path involving reflection from the 
earth’s surface. As shown in Fig. 20*6, 

h = distance of the elemental doublet above ground in the 
same units as r 

$ « angle from the axis of the elemental doublet made by 
r in going to point P(r, 6) 

r « distance from the center of the elemental doublet to 
point P in space 

Vi distance from the center of the image elemental dou- 
blet to point P 
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51 =* distance from elemental doublet to the point of reflec- 

tion 

5 2 =* distance from the image of the elemental doublet to 

the point of reflection 
Si » angle of incidence 
$r ^ angle of reflection 

It can be shown that 

<t> ^ P Si = S2 

S ^ Si = Sr ri = 2A cos ^ -f- r 

Since = /S, the ray from the image elemental doublet to 
P coincides with the reflected ray from the elemental doublet 
after reflection. That Si = S 2 implies that the path lengths 
are the same. The earth usually can be considered to be a 
perfect plane reflector, and its effect can be replaced by the 
use of images. The analysis then proceeds as if the antenna 
and its image were in free space. The assumption of perfect 
reflection is adequate for most problems. 

If the earth is not a perfect reflector, field strength at P 
can be calculated by using the reflection coefficient which is 
a function of the frequency of the wave and its polarization, 
the conductivity of the earth and its diele(;tric constant, and 
the angle of incidence. For any given problem the angle of 
incidence varies mih the position of P. 

If the earth is assumed to be a perfect plane reflector, the 
field of a vertical elemental doublet h units above the earth is 
made up at a point P in space of the usual field plus a field 
equal in magnitude but lagging in time phase by an angle of 
360(2/i/X) cos S degrees. 


The vigorous field equations based on sinusoidal current 
distribution and a perfect earth at a point not remote from 
the antenna are useful in computing antenna impedances.^ 



Fia. 20-7 Vertical antenna and its image. 


20-4 SELF-IMPEDANCES 

All the foregoing equations are in terms of the current at 
some point in the antenna system. Any designer, however, 
needs to know the power required to develop a given field 
at a given point. The impedance of the system at the feed 
point is important also. 

Siegel and Labus analyzed antenna impedances effectively.® 
Their results apply to straight-line antennas of constant 
cross section fed at the center and positioned in free space, 
or to vertical antennas near the earth. Their results have 
been verified experimentally. Morrison and Smith further 
analyzed vertical antennas.® 

Impedance of Center-Fed Linear Antennas in Space 

Figure 20 • 8 (6) shows a linear antenna of length I fed at the 
center and having an impedance Z at the feed point, where 


Vertical Radiators 

Complex antennas, for example, vertical antennas ^ over a 
perfect earth, now can be analyzed. (Refer to Fig. 20-7.) 

Current distribution is assumed to be sinusoidal, and the 
antenna is assumed to be driven from the end at the ground. 
Thereby the current at the top of the antenna must be zero, 
for there is no place for it to go. The equation for the field 
at a point P in space remote from a vertical antenna of height 
h is 

37 3 f 

Eb = 7o[cos {kh cos 0) — cos kh] sin w ( / 1 (20-27) 

r sin S 


Z = ft+iA 



(b) 

Fia. 20 • 8 Linear antennas. 


(20-28) 




where Eq 
lo 


h 

k 

c 

0) 

t 


S component of vector electric-field intensity in 
millivolts (peak) per meter at point P 
current in amperes (peak) at a current loop 
distance in miles from the antenna to point P , 
provided r » /i 

angle the ray to point P makes ^\^th the axis of 

the antenna 

height of the antenna 

27r/X where X is the wavelength in the same units 
as h 

velocity of electromagnetic waves in miles per 
second 

angular velocity in radians per second 
time in seconds. 


Equation 20-27 is valid also for an antenna of length 2h, 
center fed, and in free space. 


Referring to Fig. 20 -15, 

al , h 

sinh al sin 4ir - 

h X 

47r- 
X 

R^Zo 

ft 

cosh al — cos 4 t — 

X 


and from Fig. 20- 16, 


X = -Zo 


h al 

sm 4ir - d smh al 

X h 
4t- 
X 


where 


cosh al — cos 4ir - 
X 



(20-29) 


(20-30) 


(20-31) 
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Multipl}ring ordinates of Fig. 20 • 12 by 2, 


where 


rl = 


4/fo 


1 - 


h 

sin 4*- - 
X 

IT 

4t- 

X 


I = 2h 


(20-32) 


(20-33) 


Multiplying ordinates of Fig. 20-11 by 2, and for h ^ 0.2X 


Radiation resistance is a function of current, which in turn 
is dependent upon position. If current at point z is known, 
and if the radiated power is known, the radiation resistance 
referred to point z of the antenna is defined by equation 
20-36. Usually losses in the antenna conductors are so low 
that they can be neglected. Thereby the radiation resistance 
is almost the only resistance. 

Base Impedance of Base-Insulated Vertical Radiators 

Morrison and Smith * outlined the methods of calculating 
base impedances of single vertical towers. They investi- 
gated the application of the general method of Siegel and 


Ft h / 2h \ 

i?o = 30 I — - sin 4ir - -f ^log, — + 1.722 J cos 4ir 

+ 2 (2.415 + log, 


and for h < 0.2X 


Ro = 320 sin' 


'('D 


h 

X 

(20 -34a) 

(20-346) 


Likewise, by doubling ordinates of Figs. 20-13 and 20-14 
and adding, 

[ h 1 261 

Zo = 120 log.- - 1 --log,— (20-35) 

L p 2 A J 

where Z = antenna impedance in ohms 

R = resistive component of Z in ohms 
X = reactive component of Z in ohms 
Zq =5 average characteristic impedance of the antenna 
in ohms 

Rq = radiation resistance in ohms of the antenna 
measured at the current loop 
od = attenuation in nepers 
rl = equivalent resistance in ohms 
I == length of the antenna in the same dimensions as X 
p = electrical radius of the antenna in the same 
dimensions as X 
X wavelength in free space. 


Equations 20 -29 and 20 -30 are obtained by considering 
the antenna and its image as a transmission line of constant 
characteristic impedance. The attenuation constant of the 
assumed transmission line is obtained by considering that 
the loop radiation resistance (based on sinusoidal current 
distribution) can be replaced by a resistance distributed 
equally along the antenna. From a first approximation of 
current distribution an attenuation constant al has been 
established, from which a second approximation of the cur- 
rent distribution can be obtained. 

Radiation Resistance. Radiation resistance is defined as 


R, 



(20-36) 


where R » radiation resistance in ohms referred to ,j>oint z 
Pr * radiated power in watts 
/« » current in ampers, rms, at point z on the antenna. 



Fig. 20*9 Vertical base-insulated radiator of constant cross section. 

Labus to radiators used by broadcast stations; see Figs. 
20-8 (a) and 20-9. 

Z = ft+iX (20-37) 


Referring to Fig. 20 -15, 


R — Zq * 


and from Fig. 20- 16, 


al h 

sinh al sin 4ir - 

h X 

47r- 

X 


-Zo- 


cosh al — cos 47r - 
X 


h al 

sin 4 t - H sinh al 

X h 
4t- 
X 


cosh al — cos 4ir - 
X 


where 


al = 


From Fig. 20-12, 


rl 

2Zo 


rl 


4/20 


1 - 


sin 4ir - 
X 

IT 

4t- 

X 


(20-38) 


(20-39) 


(20-40) 


(20-41) 


l^2h 


(20-42) 
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Referring to Fig. 20- 11, for h ^ 0.2X 

Ro ^ 15 ^ sin 4ir ^ + ^log, ^ + 1.722^ cos 4*- ^ 


+ 2 ( 2.416 + log.—)] 

(20 *430) 

for h < 0.2X 

Ro = 160 sin* (t -) 

(20*436) 

where 

^0 — Ky + K 2 

(20*44) 

From Fig. 20*13, 

h 

/Cl = 60 log. - 

(20*45) 

P 

and from Fig. 20* 14, 

K 2 = - (go + 30 log. ~~) 

(20*46) 


Note that 


logc X = 2.303 logic ^ 

where Z = base impedance in ohms 
R == base resistance in ohms 
X = base reactance in ohms 

Zo = average characteristic impedance of the tower in 
ohms 

Rq = radiation resistance in ohms at the current loop 
al = attenuation constant in nepers 
h = antenna height in the same dimensions as X 
rl = equivalent resistance in ohms 
p = electrical radius of the antenna in the same 
dimensions as X 
X = wavelength in free space. 

A vertical antenna of height /i, compared with a center-fed 
antenna of length 2h in free space has interesting charac- 
teristics. Rq of equations 20 •43a and 20-436 is half the 
magnitude of Rq of equations 20 •34a and 20 -346. The 
quantity rl of equation 20-41 also is half the magnitude 
of rl of equation 20-32. Zo of equation 20-44 is half the 
magnitude of Zq of equation 20-35. Therefore al of equa- 
tion 20-40 is numerically equal to al of equation 20 -31. 


Similarly R and X of equations 20-38 and 20-39 are half 
the magnitudes of R and X of equations 20-29 and 20-30. 

Modified Base Impedance. In practice Z of equation 
20-37 should be modified. Because the earth is not perfect, 
the ground system contains an inductive reactance. In 
addition, a shunt capacitance should be included to make 
equations 20-38 and 20-39 agree with experience. (See 
Fig. 20-10.) L and C must be found by experience. The 

c 

X 

Fig. 20* 10 Effects of base capacitance and ground circuit inductance. 

range of L is from 4 to 10 microhenrys, and the range of C 
is from 100 to 500 micromicrofarads, depending upon the 
dimensions of the tower and the characteristics of the ground 
system. 

Figures 20-11 to 20-16 are meant to assist in calculations 
of impedance. Figures 20-11 and 20 • 12 are similar to those 
of Siegel and Labus.® Figures 20 • 13 and 20 • 14 are similar 
to those of Morrison and Smith.® 

Equations 20-44, 20-45, and 20-46, the equations for 
calculating the average characteristic impedance of the 
antenna, arc valid only for towers of constant cross section. 
The series inductance of Fig. 20-10 can be neglected for most 
calculations. Shunt capacitance, however, is important and 
should be considered, particularly if A ~ X/2 or is an integral 
multiple of X/2. For slim masts 3 or 4 inches in diameter 
the base capacitance probably does not exceed 100 micro- 
microfarads. Normally for guyed towers of constant cross 
section, the capacitance will range from 150 to 300 micro- 
microfarads. For self-supporting towers with rather large 
dimensions the base capacitance might be from 400 to 500 
micromicrofarads. 




ANTENNA HEIGHT 

Fio. 20-11 Loop radiation resistance versus antenna height for a vertical antenna near ground. 
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Fia. 20 • 14 Portion of characteristic imiMuiancc dependent upon antenna lieight. 


To determine shunt capacitance for a given tower with a 
constant cross section the impedance of the tower at one 
frequency (preferably one that makes /i = X/2) must be 
known. F rom eciuations 20 • 37, 20 • 38, and 20 • 39, Z is calcu- 
lated for the same frequency at which it was measured. The 
series inductance and shunt capacitance that will transform 
Z to the value measured should be computed. Scries induct- 
ance and shunt capacitance can be determined more accu- 
rately from a polar plot of calculated and measured data for 
the tower. 

Vertical towers of varying cross section can be best 
analyzed from actual data. However, a tower having a 
height shorter than X/3 can be analyzed approximately for 
impedance by the methods outlined for towers of constant 
cross section. An electrical radius must be assumed, and the 
shunt capacitance should be assumed. The resulting pre- 
dicted base impedance may be in error by 10 ohms in the 
resistive component and by from 20 to 30 ohms in the reac- 
tive component, both errors depending upon the height of 
the antenna. 



^ = tan-^ (ZooiC) 


(20-49) 

(20-50) 


Rq = 15 I — ^2Si47r- — SiSir sin ^47r - + 2^^ 


/ 2h h h\ ( h \ 

+ ^1 .722 + log, — + Ci Stt ~ - 2 Ci 47r ~ j cos - + 2^ j 


— 

/. \1 

sm 4ir ~ \ 

^ 1 


2.415 + loge Cl 4ir — h sm^ ^ 

— ; — 1 

X X 



' X / JJ 


Base Impedance of Top-Loaded Vertical Antennas 

Loaded antennas (antennas having lumped (constants in 
series or in shunt with sections of the radiator) arc more 
difficult to analyze. Siegel analyzed capacitively end- 
loaded antennas.^ The conclusions are given here (refer to 
Fig. 20-17). 

The effective top-loading capacitance, if the top-loading 
is a disk, is 

C = 10.8I> (20-47) 

where C = effective top-loading capacitance in micromicro- 
farads 

D = diameter of disk in feet. 


The base impedance Z of the top-loaded (disk-loaded) 
vertical antenna is 

Z = R+jX 

where 

sinh al H j^sin 2^ — sin ^4ir ~ + 2^^ j 


R^Zo- 


4t~ 
X 


cosh al — cos ^4ir - + 2^^ 


(20-48) 


(20-51) 


or 


/?0 = I ““ “ - + 2 f ^ 

^1.722 + logc — ^ cos ^47r - + 2^^ 


+ 


+ 2 


rl = 


2.415 4- loge h sin^ ^ 

X 


4/?o 


/ ^ 
I sm 4t - 

X 

r 

4tr- 

X 


- 1 


sm 


14 - 


rl 


2^ — sin ^4ir — 4- 2^) 


(20-52) 

(20-53) 


h 

4r- 

X 


od = (where I = 2h) 

2Zq 


(20-54) 
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Fia. 20* 16 Ratio of base resistance to chanicteristic impedance as a function of attenuation. 
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ATTENUATION (OC IN NEPERS 

Fia. 20* 16 Ratio of base reactance to characteristic impedance as a function of attenuation. 
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where Z = base impedance in ohms of the top-loaded 
antenna 

R = base resistance in ohms of the top-loaded antenna 
A" = base reactance in ohms of the top-loaded antenna 
Zo = average characteristic impedance in ohms from 
equation 20 • 44 

Rq ~ radiation resistance in ohms at the current loop 
h = antenna height above ground in the same dimen- 
sions as X 

al — attenuation constant in nepers 
p = electrical radius of the antenna in the same 
dimensions as X 

0) = angular velocity in radians per second correspond- 
ing to X 

X = wavelength in free space 

yp = number of electrical radians added to the antenna 
height by the use of the disk top-loading. 



Fia. 20-17 Vertical, base-insulated, and top-loaded radiator of con- 
stant cross section. 

Shunt capacitance of the top-loading can be effectively 
changed by insulating it from the tower and connecting to it 
by means of an inductor. By adjusting the inductor the 
effective capacitance can be set at ^\dll. 

Effects of base capacitance and ground-lead inductance 
should modify Z as in Fig. 20 - 10. 

20-6 MUTUAL IMPEDANCE, DRIVING-POINT 
IMPEDANCE 

In a multiple-element antenna system a current in one 
element will set up voltages in all other elements. By defini- 
tion, if a current in one circuit produces a voltage in another, 
a mutual impedance couples the two circuits (see Fig. 20*18). 

Zi2 == Z21 = Zjii — the mutual impedance in ohms 
Zn = impedance in ohms of mesh 1 with mesh 2 open 
Z22 = impedance in ohms of mesh 2 with mesh 1 open 

The equations describing circuit conditions are 

El = Ii(Zii 4 * Z12) + (Ii — l 2 )(“~Zi 2 ) 

E2 = (I2 — Ii)(—Z2i) + 12(^22 + Z21) 

These simplify to 

El = IiZii + I2Z12 ( 20 * 56 ) 

E2 ** I1Z21 4 * I2Z22 ( 20 * 56 ) 


The apparent or driving-point impedance of mesh 1 with 
a current of Ii in mesh 1 and of I2 in mesh 2 is 


Similarly 


El I2 

Z'l =:^ = Zii+~Zi2 

li li 


Z'2 ~Z2i 4“ Z22 
I2 


(20*67) 


f20*58) 


The terminals in mesh 1 can be considered as terminals of 
element 1 of a two-element array. Similarly the terminals 
in mesh 2 become terminals of element 2. Z'l is then the 
apparent impedance of element 1, and Z'2 is the apparent 
impedance of clement 2. 

With n elements involved 


El = IlZii + I2Z12 4 “ I3Z13 H h lnZ\n 

E2 = I1Z21 4 * I2Z22 4 “ I3Z23 4 ” h InZ2n 


(20*59) 


En = IlZnl 4“ l2Zn2 4“ l3Zn3 H h InZ„ 


I2 I3 In 

Z'l = Zii 4- “Z 12 4- ~Zi3 H h ^Zin 

li li li 

Z'2 = “ Z21 4 “ Z22 + ^ Z23 + • • • 4 “ “ Z 2 n (20 * GO) 
I2 I2 I2 


Z'n = ™Znl +~Zn2 4-*--+-~Zn.n^l + Znn 

*n in 

Here Z12 and Z21 represent mutual impedance between 
elements 1 and 2; Z13 and Z31 represent mutual impedances 
between elements 1 and 3; and so on. Ii represents current 
in element 1; I2 represents current in antenna 2; and so on. 
Currents should be specified for the particular points on the 
antennas for which the mutual impedances were evaluated. 



Fia. 20*18 Two-incsh network. 


Mutual impedance between two meshes of a multimesh 
circuit is the ratio of the voltage in one mesh caused by cur- 
rent in the other mesh to that current with all meshes but 
the one last mentioned open circuited. 


Mutual Impedance 

Consider now a method of calculating mutual impedance 
between two antenna elements.^ Refer to Fig. 20*18. A 
current of Ii in mesh 1 produces power (real and reactive) in 
mesh 1 when I2 is 0. If then I2 is permitted and Ii is main- 
tained, the power in mesh 1 changes. This change is 


for 


APi = I1I2Z12 I1I2Z21 

Z12 =» Z21 
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Therefore 
or obviously 


Zi2 


I1I2 


APi APj 

"12 =® 

I1I2 I1I2 

Mutual impedance is referred to the 
Ii and I 2 are measured. 


AP 


(20-61) 


points at which currents 


E* and Eg are the only components of E in the case repre- 
sented by Figs. 20-19 (a) and 20-19 (5). 

For any case the component of E along another antenna 
can be calculated and substituted for E^, into equation 20-62 
for AP. Integration usually is best performed by graphic 
methcxls. For loop currents of unity, AP is numerically 
equal to the mutual impedance between the two elements. 
Figure 20*20 shows a plot of the magnitude of the mutual 


Equation 20*61 provides a means of obtaining mutual 
impedance. For any two elements, unity current of the same 
time phase at the current loops of both is assumed. Then 
by means of field equations and the integral of the Poynting 
vector (a power-density vector) AP can be found. AP is 
numerically equal to Zm (mutual impedance referred to the 
current loops of the elements). 

Consider elements 1 and 2: 

AP=-| Egjg^dz (20-62) 



Fia. 20 - 19 Electric field8 at a point near an antenna. 


where E*, = component of electric field in volts per unit of 
z parallel to line of element 1 at a point z on 
element 1 caused by unit current at the (jurrent 
loop of element 2 

= current in amperes at a point z on element 1 
a = length of element 1. 

E,j now must be evaluated. Consider Figs. 20-19 (a) and 
20*19 (5), which represent a center-fed antenna in space, of 
length 2/i, or a vertical antenna near the earth of height h. 
Current distribution I is represented by 

/ == /o sin (h — z) cos U (20-63) 

The ;r and z components of the electric field at P{x, z) caused 
by an antenna, are ^ 


30 

Ez — j — lo cos 0)t 

X 





+ 


z + h 





) 


(20-64) 


E, = -j30/o cos U (- 

\ri rz 


2 

To 


( COS kh 


) 


(20-65) 


where E* = electric field in x direction at point P in volts 
per unit of x 

Eg = electric field in z direction at point P in volts per 
unit of ro, ri, or r 2 

Iq = loop current in amperes 

Zy ro, ri, r 2 , A, and x are as shown in Figs. 20-19 (a) 
and 20 - 19 (b) 

Zy h, ro, ri, and r 2 should all be of the same dimensions 
in equation 20-64 for Ear 

^0) ^2 should all be of the same dimensions in equa- 

tion 20*65 for Eg 

0 ) =« angular velocity in radians per second 
k ■* that factor required to convert ro, ri, r 2 , and h 
into radians corresponding to «. 


impedance versus separation for various heights of vertical- 
tower antennas. Figure 20*21 shows the phase relationship. 

Driving-Point Impedance 

Apparent impedances of individual elements of an antenna 
array can be computed if the elements are either center fed, 
linear, and in free space, or base fed, vertical, and adjacent 
to the earth.® The following information is required, and 
usually is determined by the radiation pattern required, 
physical requirements, and economics: 

Type of elements 
Element length (ft or 1) 

Electrical radius of each element 

Position of feed point of each element 

Geometric arrangements of elements 

Loop currents (relative magnitudes and phases) 

Frequency 

With these data the mutual impedances referred to current 
loops (loop mutual impedances) are found by referring to 
charts showing mutual impedances, or by calculations as out- 
lined in the preceding paragraphs. These loop mutual im- 
pedances are combined with the self-loop impedances by the 
mesh equations 20-60. The self-loop reactance is not yet 
known because it is affected by the attenuation which is, in 
turn, controlled by apparent loop resistance. However, by 
using the appropriate transmission line equations, 20*29 
and 20-30 or 20-38 and 20-39, the feed-point resistance and 
the portion of feed-point reactance caused by the apparent 
loop resistance can be found for each element. The coupled 
loop reactance (that portion of the apparent loop reactance 
caused by current in other elements) should be modified by 
the ratio of apparent loop resistance to the apparent feed- 
point resistance with a change of the sign of the reactance 
once for each quarter wavelength between the loop and the 
feed point. So modified, the coupled reactance should be 
algebraically added to the already determined portion of 
apparent base reactance caused by the apparent loop resist- 
ance. The apparent feed-point impedance of each element 
is then known. 



MAGNITUDE OF MUTUAL LOOP IMPEDANCE IN OHMS 
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Fia. 20*21 Phase angle of mutual-loop impedance between two vertical radiators of the same height. 
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The procedure for vertieal elements in an array is as 
follows. Obtain or calculate the self-loop resistances of each 
element ftu, Rzz, • • •> ^nn where the Rq of antenna 1 is 
Rii, and so on. For vertical antennas of h„ ^ 0.2X 


IT iirhn f \ hn 

ifnn=15 h (log, 1.7221 cos 4»- — 

_ A \ A / A 


and for K < 0.2X 


-I- 2 ( 2 . 415 - 1 - log. 


Rnn = 160 sin^ 




(20 -430) 
(20-436) 


(See Fig. 20-11 for a plot of Rq versus A/X.) Using the data 
obtained, set up the self-loop impedances thus (-Yu, X 22 , • • •, 
Xnn are self-loop reactances and are not yet known): 

Zii = ^11 + jXii 

Z 22 = R 22 + j^22 


^nn *“ Rnn+jX nn 

Obtain or calculate from equations 20-61 and 20-62 loop 
mutual impedance between all the elements obtaining (see 


Figs. 20 -20 and 20 -21): 


Z 12 , Zi3, - - 

*, Zin 

Z 21 , Z 23 , • * 

*, Z2n 

Znl, Zn2, * 

* , Zn,n~l 


Solve for the apparent loop impedances by means of mesh 
equations 20-60: 

I2 I3 In 

Z'l = flu + jXii + — Z 12 + Zi3 H h ^ Zin 

Z '2 = — Z 21 + R 22 j^22 + ~Z23 + • • * + ~^2n (20-66) 

I 2 I 2 II 


Z'n = ^Z„, -f ^Z„2 -f • • • -H + Rnn + jXnn 

In In *n 

Currents Ii, I 2 , • • are assumed, self-loop radiation resist- 
ance flu, fl 22 ) • • and mutual impedances (referred to cur- 
rent loops) Zi 2 , Zi 3 , - - - , have been calculated. Solution of 
equations 20-66 gives 

Z'l = fli + jiXn + X\) = fli + jX, 

Z '2 = fl2 + j(X22 + X' 2 ) - R 2 + 3^2 (20-67) 

Z'n = fln + iiXnn + X\) = fln + jXn 

where Xu, X 22 , X 33 , • • - , Xnn are not known because they 
are the components of the reactance determined by the 
amount of apparent loop resistance fli, fl 2 , • • •, An of each 
corresponding element. Xi, X 2 , • - - , Xn are the portions of 
apparent loop reactance caused by currents flowing m adja- 
cent elements. 
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The next step is to convert the apparent loop radiation 
resistances to attenuation factors, for each tower, thus: 


4fl 

(r/)n (20-68) 


sin 4 t — 
X 



Rn is from equation 20-67, and Zq, Ki, and K 2 are given in 
equations 20-44, 20-45, and 20-46. Then 

(.rl)n 

(«')- = ^ (20-69) 

ZZq 

From the attenuation factors (otOi» («02, • * *, («0n by equa- 
tions 20-38 and 20-39 (see Figs. 20-15 and 20-16) calculate 
the apparent base resistances fliB, fl 2 a, • • Rns and those 
portions of apparent base reactances caused by the attenua- 
tion factors as indicated by equations 20 -38 and 20-39. 

XiB, X 2 B, • • XnB are the base reactances corresponding 
to the self-loop reactances Xu, X 22 , •••, Xnn of equation 
20-67. So far those parts of the base reactances correspond- 
ing to the coupled reactances X'j, X' 2 , • • •, X'n of equation 
20-67 have not been determined. 

The equation for apparent base impedances states 

ZiB = Rib + j{XiB + X'l^) 

Z2ij = R 2 B + j{X2B + X'2jb) r9n.7m 


where 


and 


ZnB = RnB + j(XnB + X'ns) 

X'i„ = XiX'i 
X^2B = X2X'2 

X'nB = XnX'n 

fli 

K, - ^ (-ir 

1X2 


tin 


(20-71) 


(20-72) 


The actual signs of the K terms are determined by (— 1)"* 
where m is the integral number of free-space quarter wave- 
lengths traversed in going from the loop to the base. For 
example, 1.7 quarter waves would have m = 1; 2 quarter 
waves would have m =» 2. 

The apparent base impedances should be modifled as indi- 
cated by Fig. 20 - 10 and Section 20 - 4. For a specific example 
see Appendix I of this chapter. 

For a more general solution similar methods may be used 
for any antenna system using linear elements, as long as they 
are fed at the center. By the use of images, any antenna 
element can be converted to a free-space equivalent, which 
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implies that actually a base-fed vertical element is equivalent 
to a center-fed linear element in free space. End-loaded 
(or top-loaded) antennas in an array may be analyzed by 
similar methods by using equations 20*48 to 20*54 for a 
start and then applying methods of this section. 

Effects of nearby reflectors and grounds on the imped- 
ances of radiators can be calculated by using the foregoing 
methods in conjunction with those described in Section 20*3. 

20-6 CURRENT DISTRIBUTION 

The current at a point z measured from the center of a 
center-fed linear antenna or from the base of a base-fed 
radiator, vertical to and near a perfect and infinite reflector 
is (see Appendix II): • 

cosh a(/i — 2 ) , 

I, = lo [sin - z) 

a\ 

cosh — 

4 

— j tanh a(A — z) cos p{h — z)\ (20*73) 

where I, = current in amperes, at point z 

lo = current in amperes, at a point X/4 from the top 
of the radiator 

= phase constant and is equal to free-space value 
h = distance from the feed point to the end point of 
the radiator in the same units as z 
ah = al/2 (aHs obtainable from equation 20*31, 20*40, 
or 20*69, whichever applies) 

If z = 0, 1b is the base or feed current, thus (see Fig. 
20 * 22 )- 

cash ah 

Ib == lo [sin fih — j tanh ah cos fih] (20*74) 

aX 

cash — 

4 

Equation 20*74 is useful where it is necessary to know the 
phase relationship between base and loop currents to set up 
the matching and phasing equipment for an array. 

In Section 20*3, equation 20 *27 for field strength at a dis- 
tance was based on sinusoidal current distribution; therefore 
that equation is in error, particularly for small values of 0. 
Vertical-plane field intensity is: 

Et=j37.Z — t ' ^sinej I, cos cos ej dz (20-75) 

for an antenna vertical to and near an infinite perfect 
reflector. 

^ $ component of the vector electric field in millivolts 
per meter 

Ig current in amperes at point z on the antenna (equa- 
tion 20*73) 

r = distance in miles from the antenna to point P 
X = wavelength in units of z 
h s height of antenna in the same units as z 
$ ^ angle between the axis of the linear antenna and a 
ray to P 

Because the integral part of equation 20*75 is difficult to 
evaluate analytically, graphic methods are recommended. 

In some arrays the phase relation between loop current 


and unshunted base current must be known; therefore equa/* 
tion 20*74 has been plotted in Fig. 20*22. 


20-7 DIRECTIVITY (INTERFERENCE PHENOMENA), 
TIME AND SPACE PHASE 

In equation 20*18 the term [ — (r — Zn cos ^)/c] is the 
retardation term caused by the fact that electromagnetic 
waves travel at a finite velocity. The term represents the 
time for a wave to travel from the elemental doublet to the 
point P. Multiplied by w, the term represents the phase 
difference between the wave at point P and the current on 
the doublet that emits the wave. The phase difference is 
caused by space between the doublet and point P, and is 
thereby called space phase, 

A complex field at a point can be made up of many com- 
ponent fields. In summing the components, their relative 
phase as well as their direction should be considered. The 
remaining phase factor is simply the time-phase factor, which 
indicates the time-phase relationship of the currents in the 
elemental doublets. The ideas of time and space phase are 
useful in directivity problems. 



Fio. 20-23 Plan view of an array of two vertical radiators. 


Figure 20*23 is a plan view of two identical vertical an- 
tennas separated by a distance of S electrical degrees. Radia- 
tor 1 leads radiator 2 by 0 degrees in time phase. For any 
point P at such a distance from the array that 


ri^ra (20*76) 

ri»S (20*77) 

r2»S (20*78) 

it can be established that 

1 El 1 = Kill (20-79) 

(20-80) 

with 

Ki^Kz^K (20-81) 


Equation 20-81 is valid because of equation 20-76 and 
because the two antennas are of the same dimensions. Ki is 
a factor which, multiplied by Ii gives | Ei | at P. K 2 is 
defined similarly. Ei is the field at P caused by radiator 1 . 
E 3 is the field at P caused by radiator 2. 

If the relative phase of £2 is considered as zero degrees at 
P, then the phase position of Ex is (^ — iS cos $) degrees 
leading (refer to Fig. 20-24). 

Ea = K h/0° (20-82) 

El - Scoser (20-83) 
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in which ^ is the relative time phase and S cos 9 is the space 
phase. The sum of the fields is a simple vector summation: 

El + E2 

= K/Jcos (0 — S cos fl) + j sin {<!> — S cos 0)] + KI 2 

(20-84) 

If Ii should equal h, 

/<t> S \ /6 S 

El + E2 = 2KIi cos 1 “ — - cos $] / cos 0 (20-85) 

'2 2 / / 2 2 

where K is not a function of 6 because radiators 1 and 2 are 
vertical (therefore each one radiates uniformly for all d’s). 



Fio. 20*24 Addition of vector electric fields at a point in space for 
array of Fig. 20 *23. 


Total field at P becomes 

El "f" E 2 “ ^ cos B ”f" K. 2 I 2 (20*89) 

Ki and K 2 can be functions of and may even have dif- 
fering relative phase positions which, in turn, may also be 
functions of 6. For antennas not having the same polariza- 
tion, care must be taken to allow for the angle between the 
directions of the electric vectors as well as the time phases. 

A similar analysis can be applied to systems that have 
more than two elements. The system of analysis can be 
extended to include three dimensions.^® 

20-8 THEOREM OF RECIPROCITY ^2 

Any four-terminal network composed of linear bilateral 
impedances can be duplicated, as far as external behavior at 
any one frequency is concerned, by an equivalent T network. 
For the circuit of Fig. 20 *26 

E Z1Z2 + Z2Z3 + Z3Z1 


The term cos [(</>/2) — (S/2) cos 6] is the pattern term, for 
it indicates relative field in a horizontal plane of two identical 
radiators spaced S degrees, with radiator 1 having the same 
current as 2 except advanced 4> degrees in time phase. Fig- 
ure 20*25 shows patterns or plots of cos [(<^/2) — (S/2) cos S] 
using several values of 0 and S.^ 


Suppose the generator and ammeter are interchanged; this 
is the same as interchanging Zi and Z2. Then 


E Z2Z1 “f“ Z1Z3 -f- Z2Z3 
which is the same as equation 20 *90. 


(20*91) 



Fia. 20 • 25 Horizontal-radiation diagrams for two tower arrays having equal radiator currents. 


For a more general case, suppose that radiators 1 and 2 
are not vertical antennas but are any radiators, or an array 
of radiators, and are not identical, but have the same polar- 
ization. The points labeled 1 and 2 are the geometric centers 
of the radiators or arrays. Equation 20 * 81 is no longer valid, 
and in general 

Ki 9 ^ K 2 (20 * 86 ) 

Ki now represents the field pattern as a function of 6 for 
antenna or array 1, and K 2 docs the same for 2. If /i is the 
multiplier of Ki required to represent the field at P from 
radiator or array 1, and if /2 p)erform8 the same function for 
2 , 

|Ei| =Xi/i (20*87) 

and 

IE 2 I = K 2 I 2 (20-88) 

as in equations 20*79 and 20*80. 


This ratio of input voltage to output current is called the 
transfer impedance. Generator and ammeter impedances 
are assumed to be zero, but it is necessary only to assume 
that they are equal. 



According to the reciprocity theorem in any four-terminal 
network composed of linear bilateral impedances the transfer 
impedance remains constant with an interchange of output 
and input terminals. 
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This means that if a voltage E applied to the terminals of 
a transmitting antenna produces a current of I amperes 
through the terminals of a receiving antenna, the voltage 
applied to the terminals of the receiving antenna would pro- 
duce a current I through the terminals of the transmitting 
antenna, if the generator impedance were equal to the load 
impetlance and if there were no non-linearities in the trans- 
mission medium. 

The theorem is useful in theoretical and experimental 
analysis of antennas. For example, it might be more con- 
venient in checking the pattern of a transmitting antenna to 
use it as a receiving antenna with a simple movable antenna 
as a transmitting antenna. Such a method gives valid 
results, but the orientation of the simple antenna should be 
considered so that polarization is not overlooked. Other- 
wise misleading results are obtained. 

20-9 DIPOLES 

One of the simplest and most widely used antennas is the 
dipole, an antenna composed of two straight conductors 
lying end to end along a straight line vdth. a small space 


TO POINT p 



separating adjacent ends. The dipole is always fed at the 
center by means of a balanced feed system. Figures 20-27 
and 20-8 (6) show typical dipoles. 


Free-Space Dipoles 

Radiated Field, If the dipole is mounted in free space, 
equation 20*27 gives the field at a remote point. Equations 
20-64 and 20-65 give the x and z components of electric 
field close to the antenna. Figure 20-28 shows remote 
patterns for two different lengths of dipoles. The relative 
field pattern from a dipole in free space is 


m 


cos {kh cas 6) — cos kh 
sin 0(1 — cos kh) 


(20-92) 


where /(0) = relative field strength at any point P a con- 
stant large distance away from the dipole 
kh = length of each half of the dipole in electrical 
degrees or in electrical radians 
B — angle between axis of dipole and a straight line 
to P from the center of the dipole. 

Self-Impedance, Impedance at the feed point of a dipole 
in free space is a function of 2h (total length of dipole) and 
electrical radius p of the conductors. Impedance charac- 
teristics of dipoles were determined experimentally by Brown 
and Woodward.^^ 

A method of calculating the free-space impedance of 
dipoles is presented in equations 20*28 to 20*35. For 
h/p > 200 the resistive component of the impedance of a 
half-wave dipole {kh = 90 degrees) is equal to 73.2 ohms. 


Dipoles Near the Earth or Ground Plane 

The field pattern and impedance of a dipole are affected 
by a nearby reflector. Effects of the ground plane can be 
calculated by the use of images (Section 20 -3) and by incor- 
porating impedance effects of the image according to the 
methods of Section 20 - 5. 



Fiq. 20 ‘ 28 Radiation diagram for dipoles in space. 


Horizontal Dipole Near the Earth, The field pattern of a 
horizontal dipole near the earth is modified by its image. 
According to equation 20-92, for a dipole in free space the 
field is constant for a constant angle to the axis of the dipole 
and a constant distance away from it. If 0 = 90 degrees 
(a plane perpendicular to the axis of the dipole and passing 
through its center) the field pattern is a circle; if the dipole 
is H degrees above the ground plane the remote field pattern 
becomes (Fig. 20-29) 

/(^) = cos (90° - //° cos ^) (20-93) 

where /(^) = relative field strength at any point P a con- 
stant large distance away from the dipole, and 
in a plane perpendicular to the dipole and 
passing through its center 

11 = height of horizontal dipole above ground plane 
in electrical degrees 

^ = angle between a straight line from the center 
of the dipole to the point P and the vertical. 


I 


j ? 
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-HORIZONTAL DIPOLE 
(CNO view) 


GROUND PLANE 


n 

1 


— IMAGE OF DIPOLE 
Fig. 20 • 29 Horizontal dipole H degrees above ground. 


Figure 20-30 shows a plot of /(\^) against ^ for // « 90 
degrees. 

The driving-point impedance of a horizontal dipole iS zero 
when it is a zero distance above the earth, and it varies as an 
ever-diminishing spiral that finally reaches free-space value 



OHMS 



0> l-OX 3.0% 

H 

Fiq. 20*31 Radiation resistance of a half-wave dipole as a function of height above a perfect earth. 
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for large heights above the ground. Figure 20*31 shows 
variation of the resistjuicc component of impedance with 
spacing above ground. 

General 

DipolcvS, particularly those of total length X/2, are fre- 
quently used for both transmitting and receiving. As a 
horizontal dipole (horizontally pi^larized) the antenna axis 
should not point in the desired direction of transmission or 
reception, particularly if the total length is less than 2X. 
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If no ground losses are assumed, the field strength along 
the ground as a function of antenna height at a distance of 
1 mile from the vertical antenna is shown in Fig. 20*32. 
For antenna heights greater than X/2, a lobe appears, direct- 
ing some energy skyward. If that lobe is too large, it is 
reflected by the ionosphere back to ground to cause fading. 

Base Impedance^' Base impedance of vertical 

antennas near the earth or ground plane is equal to half the 
impedance of a center-fed dipole of a total length equal to 
twice the height of the vertical antenna. 
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Height above ground affects the vertical radiation charac- 
teristics, which are important in propagation problems. 

Vertically polarized dipoles are non-directional in a hori- 
zontal plane. The vertical polarization presents a different 
problem, particularly at high frequencies. 

20*10 VERTICAL ANTENNAS NEAR THE EARTH 

Vertical antennas can be divided into two groups: (1) those 
near to the earth (or ground plane) ; and (2) those elevated 
with respect to the earth or ground plane. Elevated vertical 
antennas arc not to be discussed here. 

Base-Fed Vertical Antennas 

Base-fed vertical antennas near the earth or a ground 
plane are somewhat similar to dipoles in free space, if their 
images are considered. The field pattern of a vertical antenna 
near the earth is identical to that of a free-space dipole of 
twice the length, and its impedance is half that of the dipole 
(Figs. 20*8 (a) and 20*9). 

Field Pattern. At a remote point the field is given by 
equation 20*27. The field close to the antenna is given by 
equations 20 • 64 and 20 * 65. The relative field pattern in the 
ground plane is circular, and for a vertical plane it is ex- 
pressed by equation 20*92. If the plane ^ » 90 degrees of 
Fig. 20 *28 is considered as the ground plane, then the field 
patterns also apply to base-fed vertical antennas of the same 
h value. If the vertical antenna does not have a constant 
cross section, equation 20*92 and Fig. 20*28 no longer apply. 


Equations 20*37 to 20 *46 outline the methods of solving 
for base impedance of a vertical antenna. If the ground 
plane is a copper sheet or the equivalent, base capacitance 
must be taken into consideration. If the ground is made up 
of copper wire buried in the ground, the inductance of the 
ground leads must be taken into account in addition to the 
base capacitance. Section 20*4 gives the details of the 
methods for handling such a problem. 

Shunt-Fed Vertical Antennas ^ 

Sometimes a vertical antenna is grounded at the base and 
is fed against ground by means of a slanted wire attached to 
the antenna at some distance above its base (Fig. 20*33). 


VERTICAL RADIATOR 


-SLANT FEED WIRE 

I ^ 

GROUWMPLAN^ 

Fig. 20*33 Shunt-fed vertical antenna. 


For antenna heights of approximately X/2 no change in 
fading is noted when switching from base feed to shunt feed. 
The ground-wave pattern remains circular. Excellent ground 
conditions must be maintained, though, because of the circu- 
lating currents in the ground system. 
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Vertical Dipoles Near the Earth 

Some vertical antennas arc fed at their centers as dipoles. 
Such antennas can be analyzed by the general methods of 
Section 20*3. 

Ground Systems 

In many vertical antenna systems, particularly those less 
than X/8 in height, the ground losses are appreciable. About 
120 ground radials of heavy-copper conductor, X/2 long, 
spaced every 3 degrees, and at an approximate depth of 
6 inches, are desirable. If ground loss is unusually large, a 
copper screen over the ground in the immediate vicinity of 
the radiator increases efficiency materially. For short-wave 
vertical antennas the ground should be of closely spaced 
conducting mesh or a sheet of conductor whose diameter is 
about X/2. 


20-11 STRAIGHT-WIRE ANTENNAS is. is 
Long-Wire Antennas 

The field pattern of a long straight-wire antenna of inte- 
gral multiples of X/2 in length in free space is given by equa- 
tions 20*25 and 20 *26. The effects of a nearly plane earth 
on the field pattern of a straight-wire antenna can be com- 
puted by means of the principles outlinc<l in Sections 20*3 
and 20*7. 

Radiation resistance referred to a current loop of such an 
antenna in free space is 


ft = 30 0.5772 + log, ^ - Ci (iit ^ (20 -94) 


where R = radiation resistance in ohms at a current loop, 
and the other terms are as defined for equations 
20 *25 and 20 *26. 


The impedance of mvh an antenna near the earth is modi- 
fied by its image according to the principles described in 
Section 20 *5. 


Wave Antenna 

A wave antenna is a long-wire antenna terminated in its 
characteristic impedance at the far end. If its length is 
great, such an antenna is highly directional along its axis 
away from the generator. For a shorter antenna the major 
lobe divides into two beams. For a mre lOX long the two 
beams lie about 15 degrees each side of the antenna axis. 
For a wire 2X long the two beams are about 35 degrees on 
each side of the antenna axis. 


tion 20 * 25 to maximize for a slightly smaller value of B. The 
same applies to equation 20*26. 

For example, suppose a V antenna is to be made from two 
wires, each 4X long. The field pattern of a wire 4X long is 
indicated in Fig. 20*34, which shows major lobes only. If 



Fig. 20 • 34 Major radiation lobes of an antenna 4X in length. 


the two wires are placed at an angle of 48 degrees, the field is 
reinforced along the bisector of the angle. Figure 20*35 
shows this. 

A terminated V antenna is worked out in the same general 
manner as a wave antenna to give a unidirectional pattern 
instead of the bidirectional pattern of the resonant V shown 
in Fig. 20*35. 



Fig. 20 • 35 Major radiation lobes of a V antenna. 


V Antennas 

A V antenna is composed of two horizontal wires disposed 
to form a V. The feed point is at the apex of the V. V an- 
tennas are of two types, terminated and resonant. A reso- 
nant V antenna can be designed by the use of equations 20 • 25 
and 20*26. For equation 20*25 to become a maximum the 
smallest 0 that makes (iri/X) cos 6 go to an integral multiple 
of TT should be determined. The numerator is then a maxi- 
mum. The denominator is diminishing with ^ at a slow rate 
compared with the change in the numerator with B, If l/\ 
is large, the numerator has little effect except to cause equa- 


Rhombic Antennas 

Two V antennas placed end to end to form a rhombus 
make up a rhombic antenna. There are two tyjjes of rhombic 
antennas, terminated and resonant. Figure 20*36 shows a 
terminated rhombic antenna. 

Resonant, Resonant rhombic antennas, designed by the 
same methods as resonant V antennas, are bidirectional, as 
might be expected from the analysis of resonant V antennas. 
Input impedance of a rhombic antenna with legs more than 
a few wavelengths long is from 700 to 800 ohms, depending 
upon the wire size. The vertical pattern is a function of the 
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height of the antenna above ground. It is also affected by 
the apex angles of the V antennas making up the rhombic 
antenna. 

Terminated.^^ A terminated rhombic antenna is termi- 
nated in a resistor at the far end. The ARRL Antenna Book 
describes clearly how to design a rhombic antenna. Large 
power gains can be produced by such an antenna. Usually 
they are used for long-distance transmission at high fre- 
quencies. The vertical angle best suited is such that the 
ray or beam is somewhere between 5 and 20 degrees from 
the ground. 

There are three possible methods of design: 

1. The ideal method. 

2. The alignment method. 

3. The compromise method. 

The ideal method sets the parameters Z, (see Fig. 20*36), 
and // (antenna height) for maximum power output along a 
line A degrees (the wave angle) from the ground. 



Fig. 20 '36 Terminated rhombic antenna. 


The alignment method sets the same parameters to cen- 
tralize the major lobe of the vertical pattern about the 
desired wave angle A. 

The compromise method sets the parameters if part of 
them are already set by conditions of the plot of ground, 
availability of poles for supporting the antenna, or other 
circumstances, for the compromise to give the best output 
for the wave angle A. 

The design equations for the ideal method and the align- 
ment method are 


4 sin A 

</> = sin”^ (cos A) 

For the ideal method 

X 

I = 

2 sin^ A 

For the alignment method 

0.371 
sin*^ A 

where H = height of the antenna above the ground 

0 = tilt angle (as shown in Fig. 20*36) in degrees 

1 » length of one leg in same units as H 
X = wavelength in same units as II 

A = wave angle in degrees. 


(20*95) 

(20*96) 

(20*97) 

(20*98) 
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For terminating the rhombic antenna an iron-wire line can 
be used. Power up to 20 percent of the input may appear in 
the terminating resistor for a rhombic antenna with rela- 
tively short legs. 

For example, a terminated rhombic antenna having 
^ = 65 feet, I = 230 feet, and 0 = 67.5 degrees shows an 



(b) 

Fig. 20-37 Radiation diagrams of antenna 1 operating on 5 frequen- 
cies. (o) Vertical-radiation diagrams through the major lobes, {b) 
Radiation diagrams for a constant A through the maximum of (a). 

ever-increasing sharpness and gain in the vertical plane and 
a constantly lowering beam angle for increasing frequency, 
as shown in Fig. 20*37 (a). Pattern 1 corresponds to 6140 
kilocycles; pattern 2 to 9570; pattern 3 to 11,870; pattern 
4 to 15,210; and pattern 5 to 21,540. Figure 20*37 (6) shows 
the pattern for a constant A through the maximum of each 
of the vertical patterns of Fig. 20*37 (a). With increasing 
frequencies the gain becomes greater and the beam becomes 
narrower. Figures 20*37 (a) and 20*37 (6) are the major 
lobes only, calculated according to the methods of Foster.^^ 
Compare with this terminated rhombic antenna a similar 
antenna having Z = 315 feet and <> = 70 degrees; both 
antennas operating on a frequency of 15,210 kilocycles, and 
at the same height above ground. Figure 20*38 (a) shows 




(b) 


Fig. 20 -38 Radiation diagrams of antennas 1 and 2 operating on 
15,210 kilocycles, (o) Vertical-radiation diagrams throught he major 
lobes, (b) Radiation diagrams for a constant A through the maximums 

of (a). 

the vertical pattern through the major lobes of antennas 1 
and 2. Antenna 1 has its maximum in the vertical plane 
occurring for a slightly larger A than antenna 2. The major 
lobe of antenna 1 is slightly less than that of antenna 2. 
Figure 20*38 (6) shows the patterns for a constant A through 
the maxima of the vertical patterns of the two antennas. 
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20*12 LOADED ANTENNAS 

Loaded antennas are used to provide a relatively high 
impedance for improved efficiency or to improve field pat- 
tern or signal strength in a specified direction. 

A dipole can be loaded to increase its apparent length, or 
a vertical antenna can be loaded to increase its apparent 
height. For example, top-loading a vertical radiator to an 
apparent height of 190 degrees from a height of 150 degrees 
increases signal strength along the ground approximately 
10 percent. 

Loading may take two forms. Capacitance can be added 
to the free end or ends of the antenna, or the antenna can be 
insulated at various places, with reactances shunting the 
insulators. 

Top-Loaded Vertical Antennas or End-Loaded Dipoles 

Field patterns of top-loaded base-fed vertical antennas 
near the earth and end-loaded dipoles in free space are the 
same in shape and magnitude. The impedance of the verti- 
cal antenna is one-half that of an identically end-loaded 
identical dipole with a length twice that of the vertical 
antenna. The ground is assumed to be a perfect reflector. 
Figure 20*17 shows a top-loaded base-fed vertical antenna. 

Radiated Field. The pattern along the ground (or, for 
end-loaded dipoles, in the plane perpendicular to the antenna 
axis and passing through the center of the antenna) is a 
maximum for an apparent height between 220 and 235 
degrees. In other words, if any antenna with h from 90 to 
200 degrees is top-loaded for maximum ground wave (or, for 
dipoles, the bisecting plane wave), the apparent height is in 
the range from 220 to 235 degrees.^® 

The vertical pattern of a vertical antenna is greatly affected 
by top-loading. The corresponding pattern of the end- 
loaded dipole is affected in the same manner. 

The field pattern is 

sw = 

cos }[/ cos {kh cos $) — cos 6 sin ^ sin {kh cos 6) — cos {kh cos 6) 
sin 0[cos ^-cos (^'/l+^)l (20*99) 

where /(d) = relative field strength at any point P a con- 
stant large distance from the antenna 
^ = amount of top or end loading (see equation 
20*50) in radians 

kh = height of vertical antenna or half the length of 
the dipole antenna in radians 
6 = angle between the axis of the antenna and a 
straight line from the antenna to P. 

Base Impedance. For center-fed dipoles the values for 
R and X of equations 20*48 and 20*49 should be doubled, 
and the effects of the ground should not be taken into con- 
sideration. 

Sectionalized Antennas 

A sectionalized antenna is an antenna broken up by insu- 
lators, which are shunted by reactance. For a vertical 
radiator sectionalized near the top by an inductive reactance 
the vertical radiation characteristics and the effects on 


ground signal are approximately the same as for a top-loaded 
antenna of a height equal to the height of the sectionalizing 
insulators from the ground. The approximation becomes 
less and less valid for increasing heights of the section above 
the sectionalizing insulator. 

20*13 LOOP ANTENNAS 

Loop antennas usually are made up of one or more coils 
of wire in a single plane. They are of two general types: 
(1) those with a total peripheral length of conductor short 
compared with a wavelength; and (2) those with a total 
peripheral length of conductor an appreciable part of a 
wavelength. 

Low-Frequency Loops 

A low^-frequency loop usually is constructed as shown in 
Fig. 20*39 (a) and is of the type whose total i^eripheral 
length of conductor is short compared w4th a wavelength. 



Fig. 20*39 Ix)op antennas, (a) Ix)W-frequency. (6) High-frequency. 

It is constructed of one or more turns and usually is sym- 
metrical about an axis. Generally it is fed at a point on a 
conductor passing through the axis. Some loops are square, 
as in Fig. 20*39 (a); others are round or triangular. 

Transmitting. Transmitting loops are seldom used be- 
cause they have high Q and cannot be efficiently fed. If they 
are used for transmitting, the field strength in a plane per- 
pendicular to the axis of the loop is expressed as 

TT^X 4 

E = 74.57 — /. cos 0 (20*100) 

r 

wdiere E = signal strength in millivolts per meter 

r = miles from the loop to the point of measurement 
6 = angle from the plane of the loop 
7, = current in the loop in amperes 
N = turns in loop 

A = area of loop in square units corresponding to the 
linear units of wavelength 
X = wavelength. 

The field pattern of a loop in a plane that is the perpen- 
dicular bisector of the axis of the loop is 

/(^)«cos^ (20*101) 

where /(^) = relative signal strength for a constant distance 
from the loop 

0 = angle from the plane of the loop, all points 
lying in a plane perpendicularly bisecting the 
axis of the loop. 
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Receiving. 

in the loop is 


When used for receiving, the voltage induced 
11 

A 

FJ = OMOtNE - cos e (20 • 102) 


where E' == induced voltage in millivolts 
N = turns in loop 

A = area of loop in square feet orientated so that the 
axis of the loop is parallel to the polarization of 
the received signal 

6 = angle between the plane of the loop and the 
direction of arrival of the signal 
E = signal strength in millivolts per meter 
X == wavelength in feet. 


Induced voltage is proportional lo the cosine of the 
angle of arrival relative to the plane of the loop. If the 
loop is broadside toward the signal no voltage is induced. 
This principle is widely used in direction-finding equip- 
ment. 

Direction-finding loops are frequently shielded to render 
them insensitive to the electric field and in such a manner as 
to permit reception of the magnetic field. The purpose of 
the shielding is to prevent objects near the loop from dis- 
torting the electric field of the loop to give false direction. 
A shielded l(x)p can consist of a hollow toroidally shaped 
metal shield containing the turns of the loop within it. At a 
point diametrically opposite the feed point a segment of 
insulation is placed to prevent the shield from acting as a 
short-circuited turn of the loop. 

Loop-receiving antennas are the best compromise for 
receiving antennas for low-frequency receivers, where space 
is limited. 

High-Frequency Loops 

High-frequency loops are usually constructed in such a 
manner as to have a total peripheral length of conductor an 
appreciable part of a w^avelength. Among the types in use 
for high-frequency broadcasting are the square loop and the 
circular antenna. 

The square-loop antenna is constructed of four half-wave 
dipole radiators arranged to form a square, usually in a 
horizontal plane. The energy is fed to the loop in such a w'ay 
that the loop currents are equal in magnitude and that the 
loop currents of adjacent dipoles have a relative time phase 
of 180 degrees. Figure 20-39 (6) shows a method of feeding 
a square loop. 

A square loop has a gain of —1.4 decibels compared with 
a single X/2 dipole. The field pattern is very similar to that 
of a vertical X/2 dipole except that the vector electric field is 
horizontally polarized. 

The circular antenna is a high-frequency loop antenna. 
It can be considered as a folded half-wave dipole, slightly 
shortened by capacitive end loading, bent to form a circle. 
The circular antenna is generally mounted in a horizontal 
plane. 

The field pattern is more nearly circular than the field 
pattern of the square loop. The gain is about decibel 
below that of a half-wave dipole. 


20-14 DRIVEN DIRECTIVE ARRAYS » 

Unlike antenna elements in an array make a point-by- 
point summation necessary. If the elements are alike the 
radiation pattern becomes simple. Symmetry, both geo- 
metric and electric, results in still further simplicity. South- 
worth describes complex arrays in some detail. 

Array of Arrays 

Figure 20-23 shows a plan view of an array of two ver- 
tical radiators spaced S electrical degrees apart, with 
antenna 1 having a relative current of and antenna 2 

having a current of The resulting field is ex- 

pressed by equation 20-84. For /i = / 2 , equation 20-85 
expresses the result. The pattern term of equation 20-85 
is [(<^/2) — {S/2) cos 6], K is that number, which, multi- 
plied by /j, gives the absolute magnitude of the function. 
If antennas 1 and 2 w^ere not identical antennas, but were 
identical arrays of antennas, K would include a constant 
term multiplied by the pattern term of the identical arrays. 

Therefore in an array of arrays the resulting pattern is 
simply the product of the pattern (array term) of the com- 
posite array (tissuming simple non-directional elements) and 
the pattern of the elemental arrays making up the major 
array. All elements must be alike. 

For example, consider the system shown in Fig. 20-23 for 
0 = 0, 7i = / 2 » and S = 360 degrees. Then the array term 
is cos (180® cos ^). Suppose that antennas 1 and 2 are 
identical, that each is an array of two vertical antennas, 
and that the centers of the arrays correspond to the posi- 
tions of antennas 1 and 2. Suppose that the elements of 
each elemental array are all in the same straight line, and 
that for each elemental array 90 degrees, Ii = / 2 , and 
S = 100 degrees. Then the relative pattern of each is ex- 
pressed by cos (45® — 50® cos 0), and the pattern of the 
array of arrays is cos (45® — 50® cos 0) cos (180® cos 6), 
Computation of arrays can be long and tedious. Machine 
calculators have been devised to simplify the procedure. 

Arrays of driven elements can take many configurations. 
For example, some arrays are made up of several rhombic 
or V antennas. For broadcast use, vertical elements in one 
line with a null and a major lobe appearing on opposite ends 
of the line are sometimes employed. Frequently broadside 
arrays are used with the major lobes on a line perpendicular 
to the line of antennas. 

Turnstile Antennas.'^ High-frequency broadcast stations 
frequently use the turnstile, which is an antenna made up of 
two simple dipole radiators at right 
angles, each driven with the same 
current, but with 90 degrees time- 
phase difference (Fig. 20-40). The 
resultant pattern is almost circular 
where the patterns of the individual 
dipoles are figure eights, as can be 
seen if the figure eights are super- 
posed at right angles and added 
vectorially. 

Such antennas are stacked verti- 
cally above each other and fed in phase to form an array of 
turnstiles which has high vertical directivity and a circular 


♦ I 
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Fig. 20*40 Plan view of 
turnstile of dipoles. 
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horizontal pattern. Square loops and circular antennas are 
frequently stacked and fed in the same manner so as to 
concentrate the radiated energy in a horizontal plane. 

20*16 ARRAYS USING REFLECTING SURFACES 
Plane Reflectors 

Antennas sometimes are placed in front of a flat-sheet 
reflector to obtain controlled directivity. A good example 
of this is shown in Section 20*9 by placing antennas having 
a circular pattern above ground (Fig. 20 *29) and obtaining 
the general equation 20*93, a special case of which is shown 
in the field pattern of Fig. 20*30. However, directivity is 
controlled by the magnitude of H of Fig. 20 *29. 

S[rause Antennas 

Krause antennas use flat-sheet reflectors intersecting at an 
angle as shown in Fig. 20*41 to direct the radiation of a 
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simple dipole radiator in a given direction. The antenna 
can be completely analyzed by images, as discussed in Sec- 
tion 20*3, and the impedance can be analyzed by the methods 
of Section 20*5. 

The gain from a Krause antenna ranges from 5 to 12 deci- 
bels over that of a dipole, depending upon the angle at which 
the reflecting surfaces intersect and the distance of the dipole 
from the apex of the angle. L should be at least X/2, 
I should be at least 2.5X, and D should be an eighth wave or 
greater. The sharper the angle i3, the greater the gain. 
Sometimes rods parallel to the antenna are used in place of 
reflectors. They should be spaced closely. 

Parabolic Reflectors 

Two types of parabolic reflecting surfaces arc used with 
antennas: parabolas of revolution and cylindrical parabolas. 
Parabolas of revolution are used for two-plane directivity. 
Cylindrical parabolas arc used if the electromagnetic energy 
is to have one-plane directivity only. 

Parabolic reflecting surfaces act on high-frequency radio 
waves much as they do for light in searchlights or reflecting 
telescopes. These are the major differences: 

1. For parabolic reflectors of light the dimensions of the 
parabola are many times greater than the wavelength of 
light. For radio waves the dimensions may be from 10 to 
20X or greater. 


2. Radio waves are diffracted more at the edges of the 
reflector than light would be from the same reflector. 

3. There seems to be no good point source for radio waves. 
Therefore, it is difficult to get proper amplitude and phase 
illumination of the parabola for ideal functioning of the 
reflecting surfaces. 

Sometimes it is necessary to shield the source of the radio 
waves from the main beam, because along the major axis of 
the beam the direct and reflected rays would almost 
cancel. 

Power gains of several thousand may be obtained from 
well-designed parabolic reflecting surfaces used with an 
exciting antenna. 

20*16 PARASITIC ARRAYS 

A parasitic antenna or antenna clement is not connected 
to the generator, but is close enough to a driven antenna to 
intercept energy, to set up currents in the parasitic element, 
and to affect the field of the driven antenna. Current in the 
parasitic element can be controlled by changing its distance 
from the driven antenna, by changing the diameter or length 
of the parasitic antenna, or by inserting reactance in it. 

Usually parasitic antennas are used with half-wave driven 
antenna elements even in a complex array. The parasitic 
elements usually are about X/2 in length. If such an element 
is placed ahead of the driven clement in the main beam, it is 
called a director. If it is behind the driven element it is called 
a reflector. In any parasitic array the amplitude of current 
in the element must be balanced against the time-phase 
position of the current. 

The gain of a sheet of dipole radiators in a broadside array 
can be improved by 4 decibels by adding parasitic reflectors. 

Parasitic Antennas 

One type of antenna frequently used is a driven element 
with one or more parasitic elements, all parallel and mounted 
in the same plane (see Fig. 20 *42). For a two-element beam 
(one driven element, and one director or reflector) the maxi- 
mum forward gain compared with a half-wave dipole is 4 or 
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5 decibels and is 6 or 7 decibels for a three-element beam (one 
driven element and two parasitic elements). A four-element 
beam antenna has a slightly greater gain. 

Radiation resistance for a two-element beam is about 15 
ohms for X/10 spacing between driven and parasitic element 
and ranges up to 60 ohms for X/4 spacing. A three-element 
beam usually has a resistance from 8 to 10 ohms, and the 
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driven element of a four-element beam has a resistance the electrical length change from 160 to 180 degrees (based 


from 5 to 6 ohms. More elements have been used, but they 
become exceedingly critical. For multielement arrays the 
elements must be large to reduce power loss in the antenna, 
and an eflicient feed system should be used to couple to the 
driven element. 

Dimensions 

It is best to space the first directors X/10 in front of the 
driven element and any remaining X/10 apart for maximum 
gain. The fii*st reflector and any remaining should be spaced 
at 0.15X intervals to the rear. Reflector spacing is not so 
critical as director spacing from the power-gain standpoint. 

Proper lengths of the elements depend upon their spacing. 
For a three-element beam with X/10 separation between 
director and driven element, and with 0.15X separation be- 
tween reflector and driven element, the director should be 
about 4 percent less than X/2 in length and the reflector 
should be approximately 5 percent greater than X/2. The 
length of the driven element is not critical but should be 
nearly X/2. 

In practice, the element lengths are set by trial and error. 
If gain is most important, length is not too critical, but if 
side and back lobes are to be minimized, lengths must be 
carefully adjusted. 

A Yogi antenna is an array utilizing one driven element 
and several symmetrically placed (symmetrical about at least 
one axis) parasitic elements, all parallel to the driven ele- 
ment but not necessarily in the same plane. Section 20-5 
describes a method for computing the driving-point imped- 
ance of the driven antenna in parasitic arrays as well as for 
driven arrays. 

Brown ^ explains in detail the proper method of deter- 
mining impedance of a driven antenna element with accom- 
panying parasitic elements. Frecjuently a nearby obstruc- 
tion adversely affects the performance of an antenna by 
acting as a parasitic element and causing a deterioration of 
pattern and a possible loss in efficiency. 

2017 BROAD-BAND SYSTEMS » 29 . so 

Many systems require broad-band antennas. Television, 
for example, requires a good impedance match over a wide 
range of frequency. Sometimes it is desirable to have one 
antenna that ^rill perform over a range of carrier frequencies. 
The major problem is maintaining a good impedance match 
to the line from the transmitter. 

Usually the best plan is to use an antenna of inherent 
broad-band characteristics. Another plan is to utilize cor- 
rective networks in the coupling system. 

Dipoles 

Section 20*4 gives the theoretical aspects of broad-band 
dipoles, and Brown and Woodward provide an experi- 
mental analysis of such dipoles. For center-fed half-wave 
dipoles a slenderness ratio (the ratio of one-half the total 
length to the diameter) of 20 or less produces a broad band. 
The shortening effect of such a slenderness ratio makes the 
apparent length approximately 270 degrees. 

For a center-fed dipole changing the frequency to make 


on frce-space velocity) gives the following: 

Slenderness Ratio 22 (ohms) ^(ohins) 

20 64 to 98 ~7,6to-f50 

10 62 to 112 -3.6to-f-ll 

5 66 to 82 -13.0 to -34 

Dipoles causing a 1.1 to 1 voltage standing- wave ratio on a 
matching line for a 1.5 percent bandwidth have been con- 
structed. 

Folded Dipoles 

A folded dipole can be made for broad-band use if the 
spacing between the conductors is made as wide as possible. 
Radiation of the folded dipole is similar to a conventional 
dipole for ^S, the center-to-center spacing between conductors 
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Fig. 20-43 Folded dipole. 

(Fig. 20*43), less than X/16. Bandwidth increases for in- 
creasing »S. The larger Di and D 2 , the diameters of the con- 
ductors, are, the greater the bandwidth, as in conventional 
dipoles. A folded dipole described by Carter showed for 
a 10 percent bandwidth a variation of terminal impedance of 
db 10 |)ercent with a phase angle never greater than 20 degrees. 
Folded dipoles causing a 1.1 to 1 voltage standing- wave ratio 
on a matching line for a 3 percent bandwidth have been 
designed. 

Folded dipoles, besides acting as dipoles, act as impedance 
transformers. If Di = /> 2 > the terminal impedance is four 
times that of a single dipole because the currents divide 
equally in the two conductors. If three conductoi-s are placed 
in parallel and one is opened at the center, the im|3cdance is 
nine times that of a single dipole. Impedance can be varied 
by changing the size of D 2 , the diameter of the driven ele- 
ment, relative to the size of Di, the diameter of the other 
element. For D 2 > Di the impedance is less than four times 
the impedance of a single dipole, and for D 2 < Dx the im- 
pedance is greater than four times the impedance of a single 
dipole. 

Antennas of Special Shapes 

Other antennas having broad-band characteristics can be 
constructed. They are dipoles of cones placed apex to apex, 
dipoles of cones placed base to base, arid dipoles of other 
shapes. Schelkunoff ^ has covered most of the theoretical 
aspects of radiators of such shapes. 

For conical dipoles with apexes end to end, the length of 
each cone taken from apex to the circumference of the base 
should be about 0.365X no matter what the apex angle is.^® 

If ^ of Fig. 20*44 is approximately 13 degrees the imped- 
ance is 380 ohms within db5 percent, and the phase angle is 
less than 10 degrees over a frequency band of 20 percent. 
Impedtoce varies as a function of the apex angle. For 
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^ * 5 degrees the impedance is about 1000 ohms; f or ^ « 8 
degrees the impedance is nearly 700 ohms ; for ^ = 16 degrees 
impedance is a little more than 200 ohms. 



Circuit Design to Improve Bandwidth 

One means of improving the bandwidth of an antenna is 
to place a similar element at an angle of 90 degrees to it in 
the same plane and feed it in phase quadrature. The com- 
mon feed point has a broader bandwidth than either antenna 
alone. The quarter-wavelength difference in line lengths 
used to feed the elements changes the sign of the reactance 
of one antenna and cancels the unmodified reactance of the 
other antenna at the common feed point. Carter shows 
data for a turnstile made up of folded dipoles. The imped- 
ance varies over a =t5 percent range at a phase angle always 
less than 5 degrees over at least 20 percent frequency band. 

Similar methods can be used to help broaden the bands of 
complicated arrays, and some improvement can be made by 
impedance-matching methofls combining fixed and distrib- 
uted constants. In this way a system causing a two-to-one 
voltage standing-wave ratio (or less) over a frequency range 
of 50 percent was produced.^ 

20-18 PROPAGATION OF RADIO WAVES 25. 26 . 27 

Prediction of the propagation of radio waves for the entire 
spectrum is exceedingly difficult. For frequencies up to 2 
megacycles the factors affecting propagation arc probably 
better known in a quantitative manner than for any other 
part of the spectrum. From 2 to 50 or 100 megacycles the 
condition of the ionosphere influences propagation. For 
frequencies above 100 megacycles the conditions of the lower 
atmosphere become increasingly important. 

Maxwell's equations as shown in Section 20-1 express the 
laws of propagation of electromagnetic waves. For a com- 
plete analysis the theory of diffraction should also be known. 

Factors Affecting Propagation 

The following factors affect propagation: 

1. Conductivity of earth along propagation path. 

2. Dielectric constant of earth along propagation path. 

3. Conducting layers called the ionosphere in the upper 
atmosphere. 

4. Earth's magnetic field. 

5. Refractive index of the atmosphere. 

6. Absorption of the atmosphere. 

7. Diffraction. 

8. Reflection. 

Not all factors are independent; reflection at the earth's 
surface involves earth conductivity and dielectric constant 
for the region of reflection. 
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The effect of a factor depends mostly upon frequency. 
Some factors vary on a daily, seasonal, and year-by-year 
cycle. The effectiveness and the height of the various layers 
of the ionosphere have been directly related to the sunspot 
cycle. 

Propagation at Frequencies Below the Broadcast Band 

Two modes of transmission are important below 550 kilo- 
cycles. A wave traveling along the ground is called a ground 
wave. It is attenuated by ground losses and the earth's 
curvature. Conductivity of the ground along the ground 
path is most important. The higher the frequency, the 
more important it is that the earth's conductivity be high 
for minimum signal attenuation. Another wave, called the 
sky-^wave, is propagated by alternate reflections from the 
ionosphere and the earth. Factors affecting the sky-wave 
are ion density, height of the ionosphere, and refleetion 
coefficient of the ground at points of reflection from the earth. 
Reflection coefficient of the ground for these frequencies is 
largely dependent upon conductivity. 

Propagation for the Broadcast Band ^ 

In the broadcast band, primary coverage as specified by 
the Federal Communications Commission is made up solely 
of ground wave. There is virtually no sky-wave propagation 
in the daytime. Therefore, primary coverage is determined 
by power, frequency, and ground constants. 

At night the ionosphere contributes to sky-wave propaga- 
tion. If the radiating system radiates an appreciable amount 
of energy at high angles measured from the ground, the sky- 
wave is reflected by the ionosphere into a region having 
appreciable ground-wave coverage. There it adds with its 
characteristic varying and uncertain phase position to the 
ground wave producing fading. The sky-wave produces 
secondary coverage beyond the fading region, but it is rela- 
tively unreliable. 

Ground-wave propagation is good at the low-frequency 
end of the broadcast band, but deteriorates near the high- 
frequency end of the band. Conductivity of the ground is 
important also. For two ground conductivities the primary 
coverage (2-millivolt-per-meter contour) for a 50-kilowatt 
station would be 


Frequency 

(kilocycles) 

Radius (miles) 

For Conductivity 
r ** 1 X 10“** emu 

For Conductivity 
or =* 1 X 10“** emu 

550 

148 

42.5 

700 

112 

33.6 

1000 

74 

25.0 

1600 

44 

17.5 


During the day coverage is completely by ground wave. 
At night a region of ground-wave coverage is surrounded by 
a fading zone or at least a zone of inadequate signal. The 
fading zone is surrounded by a ring of sky-wave coverage. 


Propagation of Radio Waves 
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Propagation at Fre<iuencies from 1600 to 30|000 Kilocycles 

Ground-wave propagation disappears rapidly as fre- 
quency is increased above 1600 kilocycles. At 7000 kilo- 
cycles the maximum ground-wave coverage radius is from 
4 to 5 miles. From the limits of the ground-wave coverage 
outward from the station is a region of no signal, which is 
called the skip-distance region. Beyond is the sky-wave cov- 
erage region which depends entirely upon the ionosphere. 

From ionosphere soundings taken all over the world it is 
possible to predict the maximum usable frequency for com- 
munication between any two locations for several months in 
advance, and in a general way even for years in advance. 
Such predictions are based on the sunspot cycle, the season 
of the year, the time of day, and the geographical position 
of the points in question. Higher frequencies are best in the 
daytime, and lower frequencies are best at night. Reliable, 
world-wide communication is now maintained on frequencies 
as high as 25 megacycles. 

Propagation at Frequencies above 30,000 Kilocycles 

Long-distance transmission at frequencies above 30,000 
kilocycles is unreliable. Such transmission depends upon 
sky-wave propagation. Line-of-sight propagation usually 
is the only reliable type. 

There are two waves in line-of-sight propagation; one is 
the direct wave or ray which traverses a straight-line path 
from the transmitting antenna to the receiving antenna; the 
other ray is reflected from the ground to the receiving antenna 
(refer to Fig. 20-45). The direct ray and the reflected ray 

TRANSMITTING 



Fig. 20-46 Direct and reflected rays. 


add vectorially at the receiving antenna. The phase of both 
rays depends upon the distance between the two antennas. 
In addition, the amplitude and phase of the reflected ray are 
dependent upon the reflection coefficient of the ground at 
the point of reflection. Reflection coefficient is a function of 
polarization, angle of incidence, conductivity, and dielectric 
constant. Conductivity is not important compared with the 
dielectric constant. For extremely high frequencies, con- 
ductivity may be ignored. 

It is obvious that increasing antenna height will provide 
increasing coverage. Some diffraction around the earth 
increases propagation slightly beyond the line of sight. 
Under some conditions waves entering the troposphere are 
sent back to earth. Tropospheric waves generally are not 
constant. No ionospheric reflections are possible at fre- 
quencies higher than about 100 megacycles. 

Normal conditions actually exist a small portion of the 
time. Super-normal and sniMiormal conditions occur because 
of variations in the index of refraction of the earth's atmos- 
phere for altitudes up to 1000 feet, and frequently there are 
sharp variations in the first 100 or 200 feet. Sometimes, 
depending upon the nature of the variation, the waves are 


trapped between a region of discontinuity in the index of 
refraction and the ground to produce almost free-space or 
super-normal fields far beyond the line of sight. For trapping 
to occur the antennas must be below the region of discon- 
tinuity. Sub-normal defines the conditions which cause the 
w'ave to be deflected out into space away from the earth, 
sometimes resulting in a complete drop-out of signal. Normal, 
super-normal, and sub-normal conditions become more 
noticeable for frequencies above 100 megacycles. 

Prediction of these refractive conditions is almost impos- 
sible except in certain trade-wind regions, and refractive data 
for most paths is hard to obtain. Such refraction is influ- 
enced by temperature-height variations, relative-humidity 
variations, and variations of wind velocity with height. 

Above 100 megacycles signal attenuation becomes more 
and more pronounced. Fog and dust particles serve to 
scatter and absorb the energy. Sometimes storm fronts 
reflect very high-frequency signals. 

Weather, time of day, and conditions in the troposphere 
all affect propagation of high-frequency waves. 

APPENDIX I « 

An Example of Impedance and Phase-Shift Calculations for 
an Array Composed of Three Vertical Radiators 

The antenna array of Fig. 20 -46 has the field pattern of 
Fig. 20-47. To design equipment to feed power to the 



Fig. 20-46 Plan view of antenna array of three vertical radiators. 

towers of such an array, the feed-point impedance of each 
tower and the phase relationship between the loop current 
and the current at the feed point for each tower must be 
known. 

The following data apply to the array: 

Radiated power 50 kilowatts 

Frequency 1300 kilocycles (X = 757 feet) 

Towers 400 feet high (190®) 

6' 6" square cross section 
Vertical and base-insulated 

Impedance of one tower (others not in place) is 
140 — j203 ohms at 1300 kilocycles 
Spacing between towers 1 and 2 = 90® (189 feet) 
Spacing between towers 2 and 3 = 90® (189 feet) 
Spacing between towers 1 and 3 = 180® (378 feet) 
Tower 1 relative current (loop) * 7 /110® 

Tower 2 relative current (loop) « 2J /0® 

Tower 3 relative current (loop) = J /— 110® 
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The first step is to determine the effects of the imperfect 
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The first step is to determine the effects of the imperfect f ^ 

ground as shown by the circuit of Fig. 20-10. The modified = 15 — - sin 380 + (logo 1.056 + 1.722) cos 380 


base impedance of one tower alone is 

^BM = 140 — j203 ohms 



R.M.S. OF DIAGRAM EQUALS UNITY 

Fia. 20 • 47 Horizontal-piano radiation diagram of array of I^’ig. 20 • 40. 

Calculate the base impedance (unmodified) by the use of 
equations 20-37 to 20-46. (Figs. 20-11 to 20-16 may be 
used in place of several of the equations.) 

h 

Ki == 60 \oge (from equation 20-45) 
P 

Average p = 3.93 feet 
h = 400 feet 
400 

Ki = 60 \oge = 60 log, 102 = 277.2 

3.93 

(refer to Fig. 20-13) 
2h\ 

60 + 30 log, —j (from equation 20-46) 
800' 


Ki = - (« 


Tl = 


4Ko 


1 - 


h 

sin 4ir - 
X 

h 

- 

X 


+ 2(2.415 + log. 1.066) j = 90.8 ohms 

(refer to Fig. 20-11) 
(from equation 20-41) 


4 X 90.8 
sin 380' 
"6.64~ 
rl 


= 383 ohms (refer to Fig. 20 -12) 


1 - 


al =■- 


2Zo 


383 


2 X 215.5 


(from equation 20-40) 
= 0.888 neper 


R = Zo- 


al ^ h 

sinh al sin 47r - 

h X 
Itt- 
X 


(from equation 20-38) 


cosh al — cos 47r - 
X 


h 

sin 4ir - 
X 


X = -Zo- 


al 

h 

47r - 

X 


• sinh al 


cosh al — cos 47r - 


(from equation 20-39) 


0 888 

sinh 0.888 sin 380"^ 

6.64 

H = 215.5 : — 7— = 431 ohms 


cosh 0.888 - cos 380° 


(refer to Fig. 20 • 15) 


X = -215.5 ■ 


0 888 

sin 380° 4- - sinh 0.888 

6.64 


cosh 0.888 - cos 380° 


= —209 ohms 


(refer to Fig. 20-16) 


/ 800\ 

= - (60 + 30 log, — J = -61.7 


Zo = + K 2 = 277.2 - 61.7 = 215.5 ohms 

(from equation 20-44) 

For h ^ 0.2X 


f IT h / 2h \ h 

/2o ^ 16 I - - sin 4ir - + ^log, ~ + 1.722 j cos 4ir - 

+ 2 ^2.416 + log, j (from equation 20-43a) 


Then find L and C that, according to Fig. 20 - 10, will con- 
vert the \mmodified base impedance Zb to the modified base 
(refer to Fig. 20-14) impedance Zsi^y which is known to be 140 — j203 ohms. 

The results are C = 275 micromicrofarads (— jX, = 
— j445 ohms) and L = 3.0 microhenrys i+jX^ - +i24.5 
ohms). 

Ro is 90.8 ohms for one of the towers alone; therefore 


Rn = R 22 = Rzz — 90.8 ohms 


and 


radians == 380° 


2h 


1.066 


Zii = 90.8 + jXii 
Z22 — 90.8 + JX22 
Z33 = 90.8 + jX^s 

Xii, X22, X33 are self-loop reactances and are not yet known. 
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From Figs. 20-20 and 20-21, find 

Zi3 = Z31 = 40.5/ — 122° ohms (190° towers spaced 180°) 

Zi2 = Z21 = 61 .0 / — 40.8° ohms (190° towers spaced 90°) 

Z23 = Z32 = 61. 0 / — 40.8° ohms (190° towers spaced 90°) 

From the initial data for loop current 
h = 7 /110° 

I 2 = 27 /0° 
h = 7/- 110° 


PJquation 20-66 applied to three towers becomes 

I2 I3 

Z'l = Rn + jX II + — Zi2 + — Z13 

li 

11 I3 

Z'2 = — Z21 + f?22 + jX22 + ~ Z23 

12 *2 

Z'3 = — Z31 + ^ Z32 + R33 + jXss 

13 I3 

Substituting, the apparent loop impedances become, accord- 
ing to equation 20-67, 

Z'l = 90.8 -I- jXn -1- 2 /- 110° X 61/ -4 0.8° + l /-220° 
X 40.5 /- 122° 

= 22.8 + j{Xn — 47.0) ohms 

= ft, -l-i(A-„ -H A"i) 

Z'2 = 0.5 /110° X 61 / -40.8° + 90.8 + A'22 + 0.5 / -110° 
X 61 / -40.8° 

= 75.0 + j{X 22 + 13.6) ohms 
= ft2+i(A22 + A"*) 

Z'3 = 1 /220° X 40.5 / -122° + 2 / 110° X 61 / -40.8° 

+ 90.8 + JA33 

= 128.5 + j{X 33 + 154) ohms 

= fta + jiXzz + X's) 


From equation 20-68, 

(rl)n = 


therefore 


4Rnn 


sin 4t — 
X 



(rl)i = 96.1 
(r02 = 316.5 
(rl)a - 543 


Zo for one tower is 215.5 ohms. Therefore, since the towers 
are identical, 

Zq — Zoi “ Z02 ~ Zo3 — 215.5 ohms 
(al)„ is determined from equation 20-69 thus: 


(at)n = 


2Zo 

(al)i => 0.223 neper 
(al )2 = 0.733 neper 
(al)a = 1.259 nepers 


From equation 20-38 and 20-39 or from Figs. 20-15 and 
20-16, 

(otf)rt hfi 

sinh (al)n — 

hti X 


4*- 


RnB * Zq ■ 


hn 

cosh (ai)n ~ cos 4 t — 

X 

/ hn\ (al)n 

sin ( 4ir sinh {al)n 

\ X / hn 


4ir - 


XnB ^0 ' 


hn 

cosh {al)n — cos Att — 
X 


therefore 


Rib - 535 ohms; Xib = —884 ohms 
R 2 B = 479 ohms; X 2 B — —272 ohms 
/?3B = 345 ohms; X^b = —145.5 ohms 

535 

X\b = X -47 = 1102 ohms 

22.8 


X’2B = 


479 


X 13.6 = —86.5 ohms 


X'zB = - 


345 

128.5 


X 154 = —414 ohms 


From equation 20-67, 

Znfl = ftnS + j(XnB + X'„b) 

Therefore the unmodified base impedances are 

ZiB = 535 + j(-884 + 1102) = 535 + i218.5 = 578/22.2° 

Zas = 479 + i(-272 - 86.5) = 479 - i358.5 
= 599 / -36.9° 

ZzB = 345 + i(- 145.5 - 414) = 3-15 - j559 
= 657 / -58.3° 

These impedances are to be modified according to the circuit 
of Fig. 20 • 10 by a shunt capacitance of 275 micromicrofarads 
(— j445) and a series inductance of 3.0 microhenrys (+j24.5) ; 
therefore the modified impedances are 

, 445/ -90° 

ZiBM = 578/22.2° X +>24.5 = 312 - >286 

• — 584 / -22.9° 

= 425/ -£2.4° ohms 

, 445/-90° 

Z2BM = 599 /-36.9° X — + >24.5 = 108.3 

- >264 = 285 / -67.7° ohms 

, 445/-90° 

Zsbm “ 657 /-58.3° X — +7-24.5 - 60.6 

- >243 - 25l/-76.0° ohms 
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The phase relations between the feed current and the loop 
current of each tower are valuable in designing equipment 
to feed such an array. Inspection of the foregoing equations 
shows that 


Tower 1 modified feed current leads feed current by 67.1 
degrees 

Tower 2 modified feed current leads feed current by 30.8 
degrees 

Tower 3 modified feed current leads feed current by 18.9 
degrees 


By means of equation 20*74 and Fig. 20*22 the phase 
angle between feed current and loop current can be com- 
puted. 


cosh (ah)n 
InB = Ion ^ 

aX 

cosh — 

4 


[sin {8h)n — j tanh (a/i)n cos {Qh)n] 


where 



Now 

cosh 0.1115 

IiB = Ii [sin 190° — j tanh 0.1115 cos 190°] 

cosh 0.0528 


- Ii X 0.206/147.8° 
hB = I2 X 0.407/116.7° 
hB = I3 X 0.665/107.5° 


Therefore 


Ribm = 312 ohms 
R 2 BM == 108.3 ohms 
Rsbm = 60.6 ohms 


IiBM = amperes 

I 2 BM = 17.2 amperes 

l 3 BAi = \/ ”77“= ^5.3 amperes 


where hsM, and I^bm are the modified feed currents 

to each tower. 

Complete information about the array is 

ZiBM = 312 - j286 = 445 /~42.4 ° ohms; 

I IBM = 2.85 amperes; Pi = 2,525 watts 

Tower 1 modified feed current leads loop current by 
214.9 degrees: 

Z 2 BM = 108.3 - i264 = 285 / -6 7.7° ohms, 

I 2 BM = 17.2 amperes; P 2 == 33,260 watts 

Tower 2 modified feed current leads loop current by 

147.4 degrees: 

Z^BM = 60.6 - i243 = 251 / -76.0° ohms; 
hsM = 15.3 amperes; P3 = 14,230 watts 

Tower 3 modified feed current leads loop current by 

126.4 degrees. 


Tower 1 feed current leads loop current by 117.8 degrees 

Tower 2 feed current leads loop current by 116.7 degrees 

Tower 3 feed current leads loop current by 107.5 degrees 

id 

Tower 1 modified feed current leads loop current by 
147.8 + 67.1 = 214.9 degrees 
Tower 2 modified feed current leads loop current by 
116.6 + 30.8 = 147.4 degrees 
Tower 3 modified feed current leads loop current by 

107.5 + 18.9 = 126.4 degrees 


APPENDIX II 

Analysis of Current Distribution on a Tower Radiator * 

Given: a tower of height /i, of p electrical radius, operated 
on a wavelength of X. From equations 20*44 to 20*46 or 
equation 20 *44 and Figs. 20 *13 and 20 *14, establish Zq, 

Rq is established by equations 20* 43a, 20*435, or Fig. 
20*11; rZ is established by equation 20*41 or Fig. 20*12: 



The magnitude of base currents and the powder to each 
tow^er can be computed thus: 


Total powder = 50 kilowatts 
Ri = 22.8 ohms 
R 2 - 75.0 ohms 
J?3 = 128.5 ohms 


Pi 22.87* watts 

P2 = 4 X 75 X 7* watts 

P3 * 128.57* watts 

Pt = 451.37* « 50,000 watts 

7 « 10.63 amperes 


11 = 7 / 110° 

12 = 27 / 0^ 

1 3 = 7 /-n o" 

Pi = 2,525 Wyatts 
P2 = 33,260 watts 
P3 = 14,230 watts 


I = 2h 



If the tower is assumed to be a transmission line having a 
propagation constant V = a + jf/3, where a is the attenuation 
per unit of A, and P is the phase shift per unit of h and having 



the current distribution can be 


determined. 

Basic transmission line equations state 


I* = — sinh y{h — z) 
Zo 


where z is measured from the base and is in the same dimen- 
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sions aa h, and where Er is the voltage at the top of the 
antenna whore z = h. 

Ijj = — sinh yh 

Zo 

E/j ^ Ij? 

Zo sinh yh 

Substituting into the transmission-line equation for I,, 


I, = , - " sinh y{h - 
smh yh 

But Iz = lo when h z = X/4. Therefore 

I/} X 

lo = — — 7 sinh y - 

smh yh 4 

where Iq is the current at the loop nearest the top of the 
antenna. 

I. .inhY^ 

But since 7 = a -f j/S, 

I, sinh a{h —z) cos fi{h —z) +j cosh a{h —z) sin ff(h —z) 

Iq aX aX 

0 • sinh h j cosh — 

4 4 

cosha(X~-2) , . . X . , V 

/. I^=Io [sm /3(/i —2) —j tanh a{h —2) cos fi{h —2)] 

aX 

cosh — 

4 

which represents the current at any point 2 on the tower, 
cosh ah 

Ib = lo [sm fih -- j tanh ah cos ph] 

a\ 

cosh — 

4 

w'hich represents base current (unmodified) in terms of loop 
current. 
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GENERAL REQUIREMENTS OF RECTIFIER APPLICATIONS 

C. U* Marcum 


T he American Institute of Electrical Fjngineers has 
proposed the following definitions of rectifying device, 
rectifier, and rectifier unit. 

1. ‘‘A rectifying device is an elementary device, consisting 
of one anode and its cathode, which has the characteristic of 
conducting current effectively in only one direction.^^ 

2. “A rectifier is an integral assembly of one or more recti- 
fying devices.^’ 

3. “A rectifier unit is an operative assembly consisting of 
the rectifier (s), the re(;tifier auxiliaries, the rectifier trans- 
former equipment, and the essential switchgear. 

Rectifying devices and rectifier units have been developed 
to meet the requirements of specific applications. The high 
cost of development and the economy of mass production 
necessitate that as few types of rectifying devices and recti- 
fier units as possible be used to meet the requirements of all 
rectifier applications. For this reason, it is the usual prac- 
tice to choose the rectifying device and the rectifier unit for 
an application from existing designs. Table 21 • 1 lists various 
types of rectifying devices and some of their most common 
applications.*' 2 . 3 


Table 21-1 Electronic Rectifying I^kvices and their 
Applications 


Tube Name 
Kenoiron 

Reotigon (Tungar) 

Phanotron 

Thyratron 


Mercury-aro rectifier 
(multianode) 
Excitron 
(einicle-anode) 
Ignitron 
(single-anode) 


Typo of Tube 

Thermionic cathode, 
vacuum, diode 

Thermionic cathode, 
gas, diode 

Thermionic cathode, 
gas, diode 

Thermionic cathode, 
gas, triode or tetrode 


Pool cathode, gas, con- 
tinuously excited 
Pool cathode, gas, con- 
tinuously excited 
Pool cathode, gas, syn- 
chronously excited 


Applications 

Low current, high volt- 
age 

Moderate current, low 
voltage 

Moderate current, up 
to 22,000 volts 

Moderate current, up 
to 22,000 volts 


High current, up to 
20.000 volts 


Examples 

X-ray, electrostatic pre- 
cipitation 

Battery charging 

Radio transmitters, in- 
dustrial applications 

Motor control, a-c volt- 
age control, timing 
circuits, low-power 
d-c supply, clectroiuo 
exciter 

Power rectifiers and in- 
verters for industrial, 
electrochemical, and 
railway service 


21-1 THERMIONIC-CATHODE VACUUM TUBES 

Vacuum tubes with thermionic cathodes have a high arc 
drop since there are few positive ions in the tube during con- 
duction to neutralize the space charge caused by the large 
number of electrons flowing from cathode to anode. For 
this reason, vacuum tubes have a low efficiency. However, 


for the same reason, a grid may be used to change the charac- 
teristics of the tube during its conduction period. This type 
of rectifying device is usually used on low-power, low^-current 
applications wheic (control is more important than efficiency. 
High-vacuum tubes are built for hundreds of thousands of 
volts. 



Fig. 21*1 Photograph of a kenotron rated 0.24 amp(*re average with a 
peak inverse voltage of 15,000 volts. 

Kenotron 

Kenotrons are high-vacuum, diode, rectifying devices used 
on high-voltage, low-current applications. See Fig. 21‘1. 
Kenotrons are built in ratings ranging from 230,000 peak 
inverse volts at 30 milliamperes average anode current down 
to 1500 peak inverse volts at 3 milliamperes average anode 
current. The former is designed for current control by 
varying anode voltage. The latter is designed for current 
control by varying the filament voltage. 
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Kenotrons are used in power supplies for electrostatic 
precipitators, for high-voltage testing of materials, and for 
x-ray ecpiipment. Since there is not the danger of glow dis- 
charge and possible breakdown that would be encountered 
with a gas tube and since the tungsten cathode can with- 
stand the ion bombardment, the kenotron is best suited for 
such high-voltage applications. In these applications, the 
relatively high arc drop is not a disadvantage since it is such 
a small percentage of the d-c voltage. The arc drop due to 
space charge offers a partial, although not a complete, pro- 
tection for the tube when applied on electrostatic precipita- 
tors where the accumulation of dust often causes short cir- 
cuits on the rectifier. 

The above-mentioned applications normally require a 
low-power rectifier; therefore, it is more economical to use 
the simplicity of the half-wave and full-wave rectifier circuits 
and provide filters than to go to the complexity of polyphase 
circuits. 

At one time, it was common practice to use mechanical 
rectifiers for such high-voltage applications. Now, kenotron 
rectifiers are used because of improved wave form, increased 
efficiency, and decreased maintenance. 

21-2 THERMIONIC-CATHODE GAS TUBES 

Since the positive ions in a gas tube neutralize the space 
charge of the electrons, the tube has a low arc drop but is 
limited in current capacity by the electron-emitting ability 
of the cathode. A grid may be used to control the initiation 
of conduction, but the quantity of grid power required to con- 
trol the tube becomes prohibitively large when there is 
ionized gas in the presence of the grid. The grid-controlled 
tube must be used only where circuit voltages allow sufficient 
time between conduction periods for the tube to deionize 
and the grid to regain control. 


Rectigon (Tungar) 

Rectigons are high-pressure-gas, diode, rectifying devices 
used on low-voltage applications requiring moderate currents. 



Fig. 21 -2 Photograph of a Rectigon battery charger. 


With a pressure of approximately 6 centimeters of argon or 
some other inert gas, the space charge is reduced to a mini- 
mum, and an arc drop as low as five volts results, 'fiie tubes 
are designed for a peak inverse voltage of approximately 
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375 volts. They have a tungsten filament which may be 
energized at the same time the anode is energized. 

The main application of this tube is for battery-charging 
service. Since the tube does not require a time-delay relay 
for starting purposes and has a relatively high efficiency at 
low voltages, one or two tubes in a half-wave or full-wave 
rectifier circuit provide a very economical battery charger. 
See Fig. 21-2. 

Phanatron 

Phanatrons are low-pressure-gas, diode, rectifying devices 
used on applications requiring voltages up to 20, (XX) volts 
and moderate currents. Since the tube is filled with mercury 
vapor or an inert gas at a low pressure, the arc drop is low. 
If the tube is filled with neon, the arc drop is approximately 
30 volts. If mercury vapor is used, the arc drop is approxi- 
mately 13 volts. Phanatrons are manufactured with average 
current ratings ranging from 0.25 ampere to 10 amperes and 
peak inverse voltage ratings ranging from 1000 volts to 
22,000 volts. 

Phanatrons are used for d-c power supplies where no volt- 
age control other than adjusting the transformer voltage is 
required. The most common applications arc radio trans- 
mitters and industrial d-c power. Phanatrons are rugged 
tubes requiring little maintenance. The temperature at the 
base must be maintained between 25 and 70 degrees centi- 
grade to obtain the desired mercury vapor pressure in the 
tube. 

For low-power units, a half-wave or full-wave rectifier 
circuit is used. As the power ratings increase, the number of 
phases in the rectifier circuit is increased. For radio trans- 
mitters, it is common practice to use filters. Because of the 
mercury in the tube, it is necessary to have a time delay 
between the time of energizing the filament and energizing 
the anode. The arc drop remains practically constant with 
changing load. Since very high currents are encountered 
during short circuits, protection must be supplied to prevent 
damage to the coated cathode. 

Thjrratrons 

Thyratrons are low-pressure-gas triodcs or tetrodes capa- 
ble of delivering moderate currents at peak inverse voltages 
up to 22,000 volts. See Fig. 21-3. Thyratrons are manu- 
factured for average current ratings ranging from a few 
milliamperes to 12.5 amperes. Except for the availability 
of grid control, the application features of the thyratron arc 
the same as those for the phanatron. 

The high efficiency and range of ratings of thyratrons and 
the ability to control their initiation of conduction with very 
little power make them the best tube for control circuits and 
for d-c power supplies where voltage control is desirable. 

With only a-c power available, a variable-speed d-c motor 
may be obtained by using thyratron rectifiers to supply the 
motor armature and field circuits.^ See Fig, 21-4. Speeds 
below rated speed may be obtained by controlling the grids 
of the thyratron in the rectifier that supplies the armature. 
Speeds above rated speed may be obtained by controlling the 
grids of the field rectifier. 

By using a saturating reactor with a thyratron rectifier 
supplying the d-c coil, stepless control of a-c voltages may be 
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obtained. Two of the most common applications are electric- 
furnace temperature control and dimming of theater lights.® 
The a-c coil of the reactor is connected in series with the 



Fig. 21 -3 Pliotograph of a thyratron rat^^d 2.5 amficroa average with 
a peak inverse voltage of 1500 volts. 

load. Either manually or automatic^ally, the grids of the 
thyratrons are controlled to give the desired degree of satura- 
tion in the reactor. When the reactor is completely satu- 
rated, all the a-c voltage appears across the load. When the 
reactor is unsaturated, the a-c voltage divides between the 



Fig. 21 • 4 Photograph of a Mot-o-trol. 


reactor and the load. Temperature-indicating equipment 
that will deliver very little power may bo used to control the 
input to a furnace by working on the grids of the thyratron. 
The ease of control of the thyratron rectifier has promoted 
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its use as an electronic exciter for synchronous motors and 
generators. 

Thyratrons have characteristics suitable for many 
types of timing circuits. A sensitive starting relay in d-c 
circuits, the control of stored energy welding circuits, and 
the timing of excitation circuits for ignitrons are some typical 
applications.® 

21-3 POOL-CATHODE GAS TUBES 

Pool-cathode gas tubes differ in characteristics from the 
thermionic cathode gas tube only in electron-emitting ability 
of the cathode. The only cathode in practical use today is 
the mercury cathode which can emit an unlimited number 
of electrons without damage to itself. 

Pool-cathode tubes are used for the conversion of large 
blocks of power. Except where regeneration is required, 
mercury-arc rectifier units have become widely used at 
ratings from 75 up to 8500 kilowatts at d-c voltages from 



Fig. 21 '5 Photograph of a portable ignitron rectifier for mining 

service. 


125 to 3000 volts. Tubes have been developed to withstand 
an inverse voltage of 22,000 volts. 

Some of the most common uses of mercury-arc rectifiers 
arc for rectification to provide power for trains, street rail- 
ways, subways, mining equipment, manufacturing industries, 
and electrochemical processes.’' ® See Fig. 21*5. 

In electrochemical service, the rectifier has a load factor 
very near to unity. Mercury-arc rectifiers, in electrochemical 
service at voltages above 250 volts d-c, have the highest 
efficiency of any power-conversion equipment in common use 
today. For 250-volt service, at full load, the efficiency of the 
mercury-arc rectifier is about equal to that of a synchronous 
converter. Mercury-arc rectifiers are well suited for such 
constant load applications, since the best operation can be 
obtained when all the parts of the rectifier are operating at 
their optimum temperatures. This condition can be easily 
obtained on units operating with a constant load. 

The largest rectifier installations in operation are in elec- 
trochemical service. On large installations, the rectifier 
load is usually a large portion of the a-c system capacity, 
resulting in telephone-interference problems. Such problems 
can be minimized by using a large number of phases in the 
rectifier transformers. (See Chapter 22.) Where many 
rectifiers are operated in parallel, the back feed through a 
rectifier that arcs back is so great that high-speed switchgear 
is necessary to protect the unit. The reduced noise and 
maintenance and the elimination of vibration problems, 
compared to those of other types of converters, make the 
mercury-arc rectifier very desirable. 


PoolrCaihode Gas Tubes 
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Railroad, street railway, and mining service require that 
the rectifiers operate with a load factor less than unity and 
carry heavy overloads for short times. In such applications, 
the rectifier may operate a majority of the time at light 
loads. During rush houi's, the load may be greater than full 
load with an occasional swing as high as 200 or 300 percent 
of full load. The ability of mercury-arc rectifiers to with- 
stand heavy overloads makes them well suited for this ser\dce. 

Since the noise of a mercury-arc rectifier is limited to the 
hum of the transformer, rectifiers are advantageous in street- 
railway applications where the sub-stations are often located 
in residential sections of the city. To obtain the advantages 
of the low maintenance requirements, many sub-stations 
are unattended and automatically controlled. 



Fia. 21 -6 Photograph of a Wcld-o-trol using ignitron8. 


If the rectifier is allowed to cool to a low temperature 
during light load periods and suddenly is required to deliver 
a heavy overload, it is possible that the ionization in the tube 
will be insufficient to carry the current. In such cases, the 
current flow will stop momentarily, causing a surge in the 
transformer winding. For such applications, it is necessary 
to have surge protective equipment for the transformer. It 
is common practice to limit the lowest temperature of the 
rectifier to such a value that surges do not occur. Where 
this is done, it may be possible for the tube cooling water to 
be considerably warmer than the surrounding air. During 
no-load periods, the anodes will become the coolest element 
in the tube and will collect mercury condensation. Mercury 
on the anode or insulating bushing may cause an arc-back. 
For these applications, anode heaters are required to main- 
tain the anode temperature near or above the tube-wall 
temperature. 

Mercury-arc rectifiers are used in many industrial plants 
and steel mills to provide d-c power for cranes, machine tools, 
auxiliary drives, and rolls. In industrial service, the rectifier 
normally operates with a low load factor with occasional 
moderate overloads. For conversion equipment which nor- 
mally operates below full load, the mercury-arc rectifier has 
by far the highest efficiency. As the load drops below full 
load, the efficiency of rotating apparatus decrease very 
rapidly, while the rectifier efficiency drops only a few percent. 
In the normal industrial plant, there is no requirement for 
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regenerative load, since the load generally consists of several 
small motors with the probability that only one regenerative 
motor will be on the d-c circuit at any one time. 

Surge protective equipment is usually required on indus- 
trial applications. Single-anode pool-cathode tubes are 
widely used in the control of electric welders. See Fig. 21-6. 

Multianode versus Single-Anode Rectifying Devices 

The multianode mercury-arc rectifier has all its anodes in 
one vacuum envelope with a common catluxle. The single- 
anode rectifier has each anode and its cathode in a separate 
vacuum envelope. Single-anode pool-cathode rectifying 
devices may be either the ignitron type or the excitron type. 
These two types differ in construction and method of opera- 
tion, but not in application. 

Since the multi-anode rectifier has all the anodes in one 
ionized space, suitable baffling and spacing must be main- 
tained to deionize the space around each anode during the 
non-conducting period of that anode. Such baffling and 
spacing cause a high arc drop, usually of the order of 25 volts. 
The necessity for a common cathode eliminates the possi- 
bility of using such a rectifier in any circuit, such iis a bridge 
circuit, that requires a separate cathode for each rectifier 
(‘lenient. With only one vacuum envelope, a leak would 
cause a shutdown of the complete unit. This disadvantage 
is somewhat lessened with the use of sectional multianode 
rectifiers. A sectional rectifier is an assembly of two or more 
small multianodc tanks. Such an arrangement gives more 
reliability, since only part of the capacity is lost if one tank 
fails. By making small units, the decreased spacing between 
anode and cathode results in a lower arc drop. The multi- 
anode has the advantage of a simplified excitation system. 
This advantage is noticeable in very small-capacity single- 
anode units where the excitation circuits become a sizable 
portion of the rectifier equipment. 

With single-anode tubes, the space in the tube may be 
easily deionized during the non-conducting period. This 
deionization allows the designer to use less baffling and less 
spacing between the anode and the cathcxle, both of whic^h 
reduce the arc drop. Since several vacuum envelopes are 
used in a rectifier unit, the maximum in reliability is obtained. 

In the United States, the single-anode design has prac- 
tically outmoded the multi-anode design. In Europe and 
Asia, multianodes only are manufactured; however, some 
single-anode designs have been bought from the United 
States, and plans are being made to manufacture single- 
anode rectifiers in several foreign countries. 

Sealed versus Pumped Rectifiers 

At the present time, sealed rectifiers are generally used for 
the lower ratings and pumped rectifiers are used for the 
larger ratings. The type of equipment recommended depends 
upon the application. The pumped rectifier has a higher 
first cost but has an indefinite life with proper maintenance. 
The sealed rectifiers have a lower first cost but the tubes are 
a replaceable item. The pumped rectifier has the disadvan- 
tage of periodic maintenance of the vacuum equipment, plus 
general conditioning of the tanks after long periods of opera- 
tion. Capable maintenance personnel are required to recon- 
dition pumped rectifiers. Such services are available from 
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the manufacturer. Since the vacuum of a pumped rectifier 
is not impaired by out-gassing at high overloads, these units 
may be designed for a higher short-time overload rating than 
sealed rectifiers for the same full-load rating. 
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MERCURY-ARC RECTIFIERS FOR POWER APPLICATION 

G. F. Jones and C. K* Marcum 


22 1 RELATIONSHIP OF CHARACTERISTICS TO 
APPLICATION 

Arc-Back 

I N a mercury-arc rectifier, the direction of current is from 
the anode to the electron-emitting cathode spot, and in 
that direction only. (Although current is in the direc- 
tion of electron travel, it is universally accepted that the 
direction of current is in the opposite direction, from anode to 
cathode.) Current direction can be from cathode to anode 
if a cathode spot is formed on the anode. This condition is 
known as arc-back. 

If the valve action of the rectifier fails because of the for- 
mation of a cathode spot on an anode, current from other 



anodes supplied by the same transformer is concentrated in 
the cathode spot, and thus the transformer secondary is 
short-circuited. Direct current from other conversion units 
in parallel with the rectifier passes from the positive bus, to 
the defective anode, and through its associated transformer 
winding to the negative bus, thus placing a short circuit on 
the d-c system. 

Once started, an arc-back persists until power transfer 
from parallel conversion devices is interrupted, and until 
the a-c supply to the defective anode is opened or blocked by 
suitable biasing of control grids. 

If the rectifier is protected by adequate switchgear, an 
arc-back does no damage. It simply causes a momentary 
interruption of power from the unit. Having removed the 
a-c and d-c faults, the switchgear can be reclosed immedi- 
ately, or the grid biasing can be removed, and normal service 
is restored. 

Most arc-backs are of a random nature. They ar^ infre- 
quent and are not an indication of faulty equipment or con- 


trol. Frequent arc-back indicates some defect, and the 
rectifier unit should be taken out of service until the cause of 
arc-back is determined and corrected. 

Cause of frequent arc-back usually is loss of normal 
vacuum, incorrect operation of the cooling system, or me- 
chanical damage to internal parts. 

Parallel Operation 

The output-voltage-rcgulaiion curve of a rectifier unit 
supplied by constant alternating voltage is a straight line 
from light load through its overload rating. The slope of 
this curve varies, but in general it is between 5 and 6 percent 
from light load to full load. Rectifier units without output- 
voltage-control devices operate satisfactorily in parallel and 
share system demand in proportion to their ratings through- 
out the load range. 

If the application requires a constant output voltage 
throughout the load range, a voltage regulator can be used. 
Cross-current compensation is required in combination with 
the constant-voltage characteristic of the regulating device 
to insure equal load division between parallel units. A recti- 
fier on a given transformer tap and with fixed supply voltage 
cannot increase its output voltage above its normal regula- 
tion curve. The transformer must be designed for constant 
unidirectional voltage at the specified load and at the speci- 
fied alternating input voltage. If the rectifier unit is loaded 
beyond this specified load, the voltage of the unit follows its 
natural regulation curve (Fig. 22-1). 

Shunt-wound synchronous converters and unregulated 
rectifiers have approximately the same output-voltage char- 
acteristics from light load to full load. Beyond full load, 
however, the voltage characteristic of the syiKihronous con- 
verter drops off more rapidly. The voltage output of a 
rectifier unit or a synchronous converter is in direct propor- 
tion to the alternating input voltage. 

A shunt-wound synchronous converter operates in parallel 
with a rectifier satisfactorily without regulating devices. 
Because the rectifier voltage in the overload ranges is some- 
what higher than the corresponding voltage for the synchro- 
nous converter, the rectifier takes more than its proportion 
of the system load. This is satisfactory, because the rectifier 
has superior overload-carrying ability. If the converter is 
compound-wound, and if changing its output-voltage charac- 
teristic to approach that of a shunt machine is undesirable, 
the rectifier can be operated in parallel with it by use of a 
348 
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voltage regulator with cross-current compensation. Paral- 
leling is simplified if the converter characteristic can be made 
to droop by strengthening the shunt field and weakening the 
compound field. 

The voltage output of a synchronous motor-generator set 
is independent of the alternating voltage of the supply sys- 
tem. Voltage of the rectifier unit dips when the supply 
voltage dips; consequently paralleling may be more difficult. 
If supply voltage is constant, a rectifier unit can be operated 
in parallel with a shunt-wound d-c generator without voltage 
regulation. If the supply voltage fluctuates, the rectifier 
unit should be built so that it delivers the required voltage 
at full load when the alternating supply voltage is at its 
lowest value. A voltage regulator can then be used to con- 
trol the output voltage of the rectifier so that it approximates 
that of the motor-generator set, either shunt- or compound- 
w’ound. 

Regeneration 

A rectifier unit arranged to convert alternating current to 
direct current will not invert direct current to alternating 
current unless the unit, with its control, is designed for 
inverter operation. 

For some conversion applications some power may be 
returned to the d-c system by overhauling motors, and unless 
this power is absorbed the unidire(!tional voltage may rise 
beyond safe limits. If the normal load consists of many 
motors, power returned to the d-c system by an overhauling 
motor probably will be absorbed by other motors; however, 
if the load consists of a few motors, cither for normal loading 
or during light-load periods, special provisions for absorbing 
regenerated power for short periods may be necessary. This 
is common with elevator motors, crane motors, reversing or 
rapid-slow-down motors, and some traction loads. 

For these applications, the use of inverters to return power 
to the a-c system is not justified. Resistors to absorb the 
regenerated power are more e(^oriomi(;al, I'lie resistors can 
be connected automatically by interlocks of the motor con- 
trols or by voltage indications of the d-c system. They can 
be disconnected automatically by timing devices or by relays 
responding to the system conditions and showing that regen- 
erated power no longer need be absorbed. 

Overload 

A rectifier unit will carry its overload ratings in daily- 
duty cycle without any increase in maintenance cost. Over- 
loading merely causes increased vaporization of mercury, 
which is condensed and returned to the cathode for reuse. 
The increased heat is dissipated by increasing the flow of 
cooling water through the rectifier or through the heat ex- 
changer, depending upon the type of cooling system. If a 
recirculating cooling system is used with a water-to-air heat 
exchanger, the increased heat is dissipated by proper control 
of the fan. 

The transformer is subject to additional heating on over- 
loads. The application of overloads within the overload 
rating of the unit is limited by the ability of the transformer 
to return to full-load operating temperature between appli- 
cations of successive overloads. 


Current Relations 

For a rectifier unit having a six-phase, double-wye trans- 
former, the rms unidirectional pulsating current from each 
low-voltage terminal of the transformer is equal to the d-c 
cathode amperes multiplied by 0.289. For a quadruple- 
connected transformer, cither six-phase parallel-double-wye 
or twelve-phase quadruple-zigzag, the current from each low- 
voltage terminal is equal to one-half the cathode current 
multiplied by 0.289. The current from each transformer 
secondary terminal for a six-phase star secondary is equal 
to the cathode current multiplied by 0.408. 

The kilovolt-ampere input to the transformer primary is 
equal to the rectifier output in kilowatts plus the losses of 
the unit divided by the power factor of the unit. 

Voltage Surges 

Irregularities in the arc, which in turn cause rapid changes 
of current through the transformer windings, may cause 
voltage surges. Sudden changes in arc current, in micro- 
seconds, usually are caused by heavy loads applied suddenly 
when the cooling water is at a low temperature. Voltage 
surges can be suppressed at the source by capacitors in 
parallel with each arc path. Resistors usually are connected 
in series with the capacitors to control their rates of charge 
and discharge. They can be suppressed also by surge- 
arresting equipment connected across the transformer 
windings. 

Noise and Vibration 

Noise from a rectifier transformer is about the same as 
that from a standard power transformer of similar rating. 
The rectifier, except for one or two rotating auxiliaries, is 
static and noiseless. The rotary vacuum pump, if used, is 
small and its noise and vibration are negligible. A recjircu- 
lating water-cooling system uses a motor-driven pump and, 
for installations using a water-to-air heat exchanger, a motor- 
driven fan with low noise level. 

No special foundations are required for any of the eejuip- 
meiit, the only requirement being that the foundations be 
reasonably level and strong enough to support the static 
weight of the equipment. 

Harmonics 

A mercury-arc rectifier unit distorts the wave shape of 
both the a-c supply system and the d-c system it supplies. 
This distortion depends upon the harmonics created by the 
rectifier, which in turn are fixed by the design of the rectifier 
unit and its mode of operation. Voltage-wave distortion of 
the a-c system is affected also by the impedance of the a-c 
system at the harmonic frequencies. 

If the transformer is connected for six-phase operation, 
the harmonics in the d-c system are multiples of the sixth 
harmonic — sixth, tw'clfth, eighteenth, twenty-fourth, and 
so on. 

If the transformer is connected for tw^elve-phase operation 
the number of harmonics theoretically is reduced by one 
half, the harmonics present being the twelfth, tw^enty-fourth, 
thirty-sixth, and so on. Actually, the odd multiples of the 
sixth harmonic are not eliminated, but are reduced in ampli- 
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tude. Harmonics in the a-c supply system and unequal caused in either cable or open-wire telephone lines. If the 


division of load between six-phase groups causes some of 
these odd harmonies to remain. They can be considered 
to be reduced to 25 percent of their values in a six-phase 
unit operating under the same system conditions. 

The harmonics in the a-c system, for a six-phase unit, are 
the multiples of the base frequency plus and minus one: the 
fifth, seventh, eleventh, thirteenth, seventeenth, nineteenth, 
and so on. For a twelve-phase unit, the harmonics are the 
eleventh, thirteenth, twenty-third, twenty-fifth, tliirty-fifth, 
thirty-seventh, and so on. 

In a unit without output-voltage control the amplitude of 
the harmonics is fixed by the characteristics of the transform- 
er, by the a-c supply system, and by the load, the amplitude 
of the harmonics increasing with load. If output voltage is 
controlled by delaying the point in the cycle at which the 
anodes pick up current, the number of harmonics remains 
the same but their amplitude is increased. 

Transformers usually are connected for either six- or 
twelve-phase operation. A larger number of phases can be 
used, if several rectifiers are involved, by shifting the phase 
of the voltage supply to the units individually. By shifting 
the phase supply to two twelve-phase units so that they 
operate 15 degrees apart, over-all operation becomes twenty- 
four-phase, and thus the number of harmonics is decreased. 
For installations involving a large number of units, the phase 
supply to individual transformers can be shifted so that the 
number of phases becomes even larger. The number of 
phases obtainable in this manner is limited only by the 
number of rectifier units in the installation. 

Harmonics caused by rectifier operation may cause tele- 
phone interference and may affect the heating of the a-c 
generator. For the average power application, the har- 
monics do not have any detrimental effect. With six or 
more phases, rectifier output will supply standard motors 
without changing their ratings, and will supply all types of 
industrial loads, in the same manner as rotating conversion 
equipment. For some applications, such as high-voltage 
plate supply for radio transmitters, and voltage supply for 
d-c motion-picture arc lights, filters must be used to reduce 
the harmonics to almost zero. 

Telephone Interference 

Amplitudes of the harmonics in both the a-c and the d-c 
systems are about inversely proportional to their harmonic 
frequencies. The exception to this general rule is that a 
harmonic can be amplified if the system is resonant to the 
frequency of that harmonic. 

Harmonics cause telephone interference in proportion to 
their amplitudes and according to their position in the audio- 
frequency range. Phase control increases the severity of 
harmomc induction. Harmonics in the a-c and d-c systems 
do not in themselves constitute telephone interference. Such 
interference is caused by electromagnetic coupling or electro- 
static exposure. Only a few rectifier installations cause 
telephone noise. 

Experience writh the large number of rectifier installations 
in operation has led to conclusions from which some general 
statements can be made. ^ 

If the a-c conductors are in cables, no telephone noise is 


a-c system is made up of open wires and the telephone system 
is toll cable, no telephone noise is created. If the a-c system 
is made up of open wires and the telephone system is exchange 
cable, there may be some difficulty if the exposures are long 
and the systems are close together. If the a-c system and 
the telephone system are both made up of open wires, there 
probably will be some telephone noise if the systems are at 
highway separation or less, and if the exposure is for any 
considerable distance. 

Exposures between telephone systems and d-c distribution 
systems follow the same general rule, there being little likeli- 
hood of telephone noise if the telephone system is in cable, 
and a possibility of telephone noise for open-wire telephone 
systems with long exposures and with the systems close 
together. Grounded d-c systems, notably for transportation 
service, generally have more severe exposures than do a-c 
circuits, because of greater coupling with the rail or ground 
return. 

If the exposures with an a-c system are likely to cause 
telephone interference, the probability of noise decreases as 
the proportion of rectifier load carried by the a-c system 
decreases. That is, for a given exposure, the smaller the 
percentage of rectifier load to the total load on the system, 
the less chance for telephone interference. 

The higher the number of phases the less is the likelihood 
of telephone interference, because many harmonics of low 
frequency and high amplitude in both the a-c and the d-c 
systems are eliminated or reduced. 

Telephone interference can be reduced by transposing 
conductors of the telephone system, the powder system, or 
both systems to reduce the coupling betw een circuits. Shield- 
ing or relocation of the circuits likewise may be effective, or 
the power system can be filtered to reduce the amplitude of 
the harmonics causing most interference. 

Filters consist of one or more tuned circuits, each made up 
of a capacitor and a reactor. Each filter circuit is tuned to 
short-circuit the harmonic to be suppressed; the harmonic 
circulates locally through the filter and does not appear on 
the line. The number of harmonics to be suppressed deter- 
mines the number of tuned circuits. 

When a rectifier installation is to be made, the installation 
should be reported to the power company and the telephone 
company so that a preliminary study of possible telephone 
interference can be made. If no telephone interference is 
likely, the rectifier installation should be made without 
special interference-reducing apparatus. Tests after installa- 
tion will show whether such measures are necessary. If the 
preliminary study shows the likelihood of telephone inter- 
ference, estimates for interference-reducing devices can be 
obtained as recommended by the Edison Electric Institute.^’ * 

Generator Heating 

Harmonics cause some generator heating. Usually it is 
not serious, and it becomes important only if the generator 
carries a six-phase load consisting entirely of rectifiers, or if 
large amounts of phase control are used. 

A generator of 0.80 power factor will carry a six-phase 
rectifier load, operating writhout phase control, without 
exceeding temperature guarantees, because the power factor 
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of the load is greater than 0.90. A unity-power-factor gen- ^ 
erator requires a small percentage of derating for a six-phase 
rectifier load. If the generator carries load other than recti- 
fiers, the heating problem is of less importance. 

If the rectifier load consists of rectifier units of 12 or more 
phases without phase control, generator heating is not 
abnormal. 

If the rectifier units are phase-controlled, harmonics are 
amplified and, if they form a large part of the generator load, 
heating becomes especially important. 

22*2 ASSOCIATED APPARATUS 


Fia. 22 • 3 Transformer connected delta, six-phiuse, parallel-double-wye. 

tion current, in conjunction with the reactance of the inter- 
phase transformer, is to induce a voltage which opposes the 
voltage of the high-potential ^vye group and adds to the volt- 
age of the low-potential wye group. These plus and minus 
voltages are equal to one-half the instantaneous voltage dif- 
ference between wye groups, and their sum is always zero. 
The wye-group potentials with respect to the negative of 
the d-c system are therefore equalized; consequently, the 


Fig. 22*2 Transformer connected delta, six-pha.se*, doubh^-wye. Fig. 22 *4 Transformer connected delta, twelve-phase, quadruple-zigzag. 

economical transformer design and the optimum rating of anode with highest instantaneous voltage in either wye group 
the rectifier. can carry (current equally with the corresponding anode in 

The circuit for a transformer having a delta-connected the other wye group, even though they are out of phase, 
primary with a six-phase double-wye secondary is shown in The interphase transformer causes the wye groups to 
Fig. 22-2. operate as independent three-phase units. This results in 

A rectifier transformer differs from a normal power trans- maximum utilization of the transformer, causes the anodes 
former in that the s(?condary windings do not carry current to operate under most favorable conditions, and increases 
during some parts of the voltage (!ycle. The duration of the the capacity of the rectifier to carry extreme overloads, 
conducting periods is determined by the cyclic polarities of If the demand on the d-c system is 
the transformer winding and by the valve action of the recti- below' the interphase excitation re- 
fier anixles. For this reason the primary and secondary quirement, the unit reverts to six-phase 
windings have unequal capacities and the transformer is star operation, with a resultant zero- 
larger than a power transformer of the same input rating. load voltage rise of 15 percent. 

If a rectifier with six anodes is supplied by a six-phase The interphasc transformer is de- 
double-wye transformer, each anode conducts current during signed for a definite potential across its 
120 degrees of the cycle. Since tw o anodes carry current terminals. Phase control of the rectifier 
simultaneously, each anode carries half of the current output, voltage increases this potential, and a 
The neutrals of the two wye circuits are connected together larger interphase transformer is re- 
through an interphase transformer. The midpoint of the quired. For this reason a rectifier 

interphase transformer is connected to the negative of the transformer usually is limited to a 2^.5 Transformer 
d-c system. A small pulsating excitation current circulates specified percentage of output voltage connected delta six- 
through the interphase transformer from the midpoint to reduction by phase control. phase star, 

the wye group having the highest instantaneous potential. Other circuits usetl for power-rectifier 
Voltages in the wye groups are 60 degrees out of phase, and units are the six-phase parallel-double-wye and the twelve- 
each wye group is at a higher potential than the other wye phase quadniple-zigzag circuits, as shown in Figs. 22*3 and 
group three times each cycle. Excitation current, therefore, 22*4. These are modifications of the basic three-phase 
has a frequency three times that of the a-c supply system, circuits and are used for large units. The third interphase 




Transformers 

Rectifier transformers can be connected many ways. The 
circuit selected depends upon the rating of the rectifier, the 
power source, and the purpose for whi(;h the unit is to be used. 
Usually, for power units, the transformer secondary is con- 
nected in double wye or in multiples or variations of the 
double- wye circuit. The resulting circuit gives the most 



This triple-frequency current is superposed on the load 
current, and it returns to the midpoint of the interphase 
transformer from the d-c system. The effect of this excita- 
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transformer for the zigzag connection operates at 360 cycles, 
when it is supplied by a 60-cycle system, and displaces the 
neutrals of the other two interphase transformers which later 
are out of phase. 

Figure 22 -5 shows a six-phase star-connected transformer. 
Switchgear 

Switchgear for a rectifier unit is designed to start and stop 
the unit, and to give it adequate protection under abnormal 
conditions. 

Varieties of switchgear range from manual devices to fully 
automatic apparatus which will start and stop the unit auto- 
matically according to the d-c system demand. 



The simplest switchgear arrangement consists of (1) an 
a-c circuit breaker between the transformer primary and the 
a-c supply system, and (2) a d-c breaker between the recti- 
fier cathode and the d-c system, as shown in Fig. 22*6. The 
only operation normally necessary to start the unit is to 
close both breakers. 

Selection of the a-c circuit breaker is determined by the 
voltage of the a-c system, the rating of the rectifier unit, and 
the kilovolt-amperes the system can deliver under short 
circuit. Selection of the d-c breaker is determined by the 
rating of the unit in kilowatts, its output voltage, and (if the 
unit is operated in parallel with other conversion units) by 
the capacity and type of units in parallel. Direct-current 
breakers may be semi-high-speed or high-speed cathode 
circuit breakers, or they may be multipole high-speed anode 
circuit breakers in combination with semi-high-speed cathode 
circuit breakers. 

The function of the cathode circuit breaker is to open the 
d-c circuit at the time of normal shutdown or at the time of 
operation of some protective relay or by direct tripping at 
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the time of an arc-back. The last-mentioned function is 
performed by a polarized overload trip which operates on 
reverse current only. Usually the cathode circuit breaker 
does not have a direct over-current trip since the unit can 
carry high overload swings without damage or additional 
maintenance. Overloads on d-c feeders are interrupted by 
feeder circuit breakers. If there are no d-c feeders, the 
cathode circuit breaker can perform the functions of a feeder 
as well as its normal functions. 

During an arc-back the current from the normal anodes of 
the rectifier to the anode on which the cathode spot has 
formed can be interrupted by applying negative bias to the 
deionizing grids of all the anodes, by opening the a-c breaker, 
or by opening switchgear between the transformer secondary 
and the rectifier. Grid bias does not always suppress the 
current, and it must be backed up by the a-c switchgear in 
the event of failure. In general, the larger the rectifier unit 
the greater is the fault current and the greater is the stress 
on the apparatus involved in the fault. If the unit is rated 
at 2000 kilowatts or less, normal a-c switchgear operates 
fast enough to relieve the fault in time to prevent damage. 
For units larger than 2000 kilowatts, high-speed anode 
switchgear should be used to open the a-c fault. 

At the time of arc-back there is a current from the d-c bus 
to the rectifier cathode, to the defective anode and through 
its associated transformer winding, to the negative terminal 
and back to the source. This reverse current from the d-c 
system appears only if there are other conversion units in 
parallel, or if the load is of the regenerating type. The 
stresses caused by reverse current depend upon the size of 
the rectifier unit and upon the amount of power which can 
be fed into the defective anode by the external source. If 
the rectifier unit is rated at 2000 kilowatts or less, and if all 
the conversion equipment connected to the d-c bus is less 
than approximately 2500 kilowatts, semi-high-speed cathode 
switchgear gives adequate protection. If the unit is paral- 
leled with other conversion equipment, making the total 
capacity connected to the d-c bus more than 2500 kilowatts, 
stresses in the equipment are too great unless the rever.se 
current is limited in time and magnitude by high-speed 
cathode switchgear. If the size of individual unit is larger 
than 2000 kilowatts, or if the total capacity in conversion 
units connected to the bus exceeds 6000 kilowatts, both a-c 
and d-c faults must be opened at high speed. Anode switch- 
gear is for this dual function. Figure 22 • 7 shows the circuits 
of a rectifier unit with high-speed anode switchgear. 

A pole of high-speed switchgear is connected in each 
anode circuit. Usually all the poles are operated by a com- 
mon closing mechanism but are tripped individually by 
reverse current only. During an arc-back the current from 
the d-c system and from the other anodes of the rectifier 
to the defective anode is in the reverse direction. The circuit- 
breaker pole in the circuit of that anode opens at high speed, 
and the duration of the a-c fault and the magnitude of the 
direct current arc limited. Opening the a-c circuit breaker, 
the cathode circuit breaker, or the other poles of the anode 
circuit breaker is unnecessary. For this arrangement of 
switchgear, the cathode circuit breaker is simply a load- 
break disconnecting switch operated for normal shutdown 
or by protective relays. It is not tripped by reverse current. 
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This type of protection not only removes a-c and d-c 
faults simultaneously at high speed but also permits the 
other anodes to deliver current to the d-c system as soon as 
the fault is removed. Service is not interrupted. 

If a rotating conversion unit is operated in parallel with a 
rectifier unit on the d-c bus, high-speed switchgear usually 
is required to protect the commutator of the rotating machine 
during arc-back. 

A rectifier is protected from overloads by means of inverse- 
time a-c overload relays and from a-c short circuit by instan- 
taneous a-c overload relays. The transformer is protected 
from overheating by thermal relays. The rectifier is pro- 
tected from operation at low vacuum and from abnormal 




anode tubes, each must be provided with an excitation 
system. It may be a continuous-excitation arc or an inter- 
mittent-excitation arc, depending upon rectifier design. 

In a continuously excited rectifier an arc between an 
auxiliary anode and the cathode is started by supplying a 
voltage between these two terminals from a separate excita- 
tion source. The source of voltage must have high regula- 
tion so that it can be short-circuited momentarily without 
drawing too much current, and voltage must be high enough 



vvater cooling by vacuum relays, thermal relays, and water- 
pressure relays. Additional protective devices such as trans- 
former hot-spot relays, repli(!a thermal relays, low-alter- 
nating-voltagc relays, and misfire relays are available. 
Operation of the protective devices trips both a-c and d-c 
switchgear. If the sub-station is manually controlled, the 
unit is restored to service by the operator. If the station is 
automatically controlled, the switchgear is reclosed auto- 
matically or is locked out, depending upon the condition 
causing the shutdown. If the condition is self-correcting, 
the sub-station returns to service automatically after the 
condition becomes normal. If the condition is not self- 
correcting, the sub-station is locked out of service. 

Excitation System 

A mercury-arc rectifier must have an excitation system by 
means of which an electron-emitting spot can be formed at 
the cathode. If the rectifier assembly is made up of single- 


to maintain a stable arc. The most common method of 
initiating the excitation arc is to depress a starting-anode 
r(xl into the mercury pool and then withdraw it, by spring 
action or by depressing a plunger in the mercury so that it 
projects a jet of mercury to a stationary starting anode. 
AVhen the starting rod is withdrawn or when the mercury 
jet falls awny from the anode, the arc is started. Either 
action is accomplished by an external solenoid actuating a 
movable armature inside the vacuum chamber. The wall of 
the chamber at this point is made of non-magnetic material. 

Either an a-c or a d-c excitation source can be used, but a 
d-c source is preferred because it assures correct polarity of 
the excitation arc, and because it requires fewnr devices. 
Figure 22*8 shows an elementary circuit for a continuously 
excited rectifier. 

In an intermittently excited rectifier, the excitation arc is 
started at the beginning of each cycle by applying timed 
impulses to a high-resistance rod permanently immersed in 
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the mercury pool. As the current pulse passes from the 
high-resistance rod to the mercury, it vaporizes the mercury 
at the point of contact. This causes the mercury to separate 



Fig. 22 • 9 Anode firing type of excitation circuit for an ignitron. 


locally from the rod and thus start an arc. The arc is of 
short duration and is not repeated until the beginning of the 
following cycle. If the main anode does not start to conduct 
immediately after the initiation of the cathode spot, current 
to an auxiliary anode or grid (or both) can be provided to 
maintain the spot for the necessary time. 



Fiq. 22-10 Thyratron-capacitor type of excitation circuit for an 

ignitron. 


The simplest form of circuit used for delivering timed im- 
pulses to the ignitor is shown in Fig. 22*9. It is known as 
anode firing. Load current passes through the ignitor and 


thyratron in series. Current magnitude is limited by a 
resistor. As soon as the cathode spot is formed, the load 
current is picked up by the main anode and the excitation 
circuit is short-circuited by the power arc in the tube. This 
extinguishes the excitation arc. The thyratron tube passes 
the positive impulse but blocks the negative impulse, so that 
only unidirectional pulses are supplied to the ignitor. It 
can be used also to time the impulse by means of its control 
grid. If the system load is lower than the excitation require- 
ments, this excitation circuit becomes unstable, because the 
excitation current circulates through the load. 

A similar circuit, except that it is independent of system 
load, is shown in Fig. 22-10. A separate source of alter- 
nating current in suitable phase relation with the voltage 



Fig. 22-11 Saturablc-reactor type of excitation circuit for two ignitrons. 


supply to the rectifier charges a capacitor through a copper 
oxide rectifier, the capacitor being discharged by impulse 
through the combination of thyratron tube and ignitor. 
Because this circuit is independent of the load circuit, it is 
stable at zero load on the rectifier. 

A third excitation circuit, known as saturating reactor 
firing, is shown in Fig. 22-11. This circuit does not use 
thyratrons which have a limited life and require a cathode- 
heating time before they can be put into service. It uses a 
separate excitation source which charges a capacitor through 
a linear reactor instead of a dry rectifier. Capacitor charging, 
controlled by the reactor, is alternately -at positive and nega- 
tive polarity. The ignitor and a saturable reactor in series 
are connected in parallel with the capacitor. As capacitor 
voltage builds up, it is imposed across the saturable reactor 
and ignitor. When the reactor is saturated its inductance 
drops to almost zero and the capacitor is discharged through 
the ignitor. The saturable reactor is wound on a core of iron 
which saturates abruptly at a given point. The saturable 
reactor and capacitor form a tuned circuit that is permanently 
adjusted by the manufacturer. Copper oxide rectifiers direct 
the impulses to the proper ignitors. Both the positive and 
the negative capacitor charges can be used to supply im- 
pulses to ignitors 180 electrical degrees apart. This is the 
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excitation circuit normally used for intermittently excited 
rectifier units. 

Rectifier output voltage can be phase-controlled by vary- 
ing the inductance in the capacitor-charging circuit, or by 
connecting a phase shifter between the primary of the excita- 
tion transformer and its a-c supply. The inductance in the 
capacitor circuit can be changed by use of an iron-core reactor 


MECHANICAL 

SATURABLE LINEAR PHASE 

REACTOR REACTOR SHIFTER 



Fig. 22-12 Saturable-reactor type of excitation circuit with a me- 
chanical phase shifter. 


with a d-c saturating coil. Inductance of the reactor can be 
varied by controlling the amount of saturation. In this 
manner the phase position of the impulse supply to the ignitor 
can be shifted with respect to the anode voltage, thus chang- 
ing the load-pick-up point of the anode in the cycle. With 
this excitation system the range of output-voltage reduction 
is limited to approximately 30 percent below normal. 

The phase shifter between the primary of the excitation 
transformer and the alternating voltage source consists of a 
wound-rotor induction motor with a rotor that does not 
rotate, but which can be moved with respect to the stator. 
This position of the rotor usually is adjusted by means of a 
small driving motor with a high gear ratio. By the use of 
this circuit, shown in Fig. 22-12, the voltage output of the 
rectifier unit can be varied to zero. 

Output voltage can be changed at high speed by using the 
variable-inductor circuit, but the speed of the phase-shifter 
circuit is somewhat slower, depending upon the speed with 
which the rotor of the phase shifter can be moved. A com- 
bination of the two circuits can be used for high-speed con- 


SATURABLE 0-C MECHANICAL 

REACTOR CONTROL PHASE SHIFTER 



Fig. 22-13 Saturable-reactor type of excitation circuit with a phase- 
shifting reactor and a mechanical phase shifter. 


have cooling and temperature-control apparatus to dissipate 
the losses in the arc at a temperature favorable for arc recti- 
fication. Temperature-control apparatus frequently includes 



A- POOL CATHODE TUBE (PUMPED) 

B- RECTIFIER VACUUM MANIFOLD AND MERCURY 
VAPOR PUMP COOLING COILS 
C- HEATER TANK CONTAINING WATER HEATERS AND 
TEMPERATURE CONTROL THERMOSWITCHES 
D- WATER PUMP 
E- EXPANSION TANK 

F- AUXILIARY WATER TO AIR RADIATOR 
G- MAIN WATER TO AIR RADIATOR 
H- FAN MOTOR 

Fig. 22-14 Sf;hematic diagram of a v/ater-to-air cooling system. 


heaters to be used at light load when the losses are too low 
for this purpose. 

If a suitable water supply is not available for cooling steel- 
tank rectifiers, a water-to-air radiator with a forced-draft 
blower (water recirculating between radiator and tubes) is 
used. Standard water-cooled tubes can be used in this way. 
Such a system is shown in Fig. 22-14. 

If temperature, pressure, and quality of cooling water are 
suitable, direct raw-water-cooling may be used. Figure 22 • 15 
shows this system. The tubes are connected in series; there- 
fore the minimum water rate for turbulent flow can be main- 
tained and the full heat-absorbing capacity of the water can 



A- POOL CATHODE TUBE (SEALED) 

B- TEMPERATURE REGULATING VALVE 
C- PRESSURE REGULATING VALVE 
D- STRAINER 

E- BYPASS VALVE SET FOR MINIMUM ALLOWABLE 
WATER FLOW THROUGH TUBES 
F- ACTUATING ELEMENT FOR TEMPERATURE 
REGULATING VALVE 

Fig. 22*15 Schematic diagram of a direct raw-water-cooling system. 


trol for small voltage changes and slower control for large 
voltage changes. A combination circuit is shown in Fig. 
22-13. 

Cooling Equipment 

The temperature of a mercury-vapor tube is important, 
because the molecular density of the vapor has an influence 
on the operating characteristics of the tube. The tube must 


be used. The water must not contain an excessive amount 
of impurities that could cause corrosion or scaling. Tem- 
perature and pressure of the water must permit the tubes to 
operate at satisfactory temperatures with maximum or 
minimum load on the rectifier. This system is simple, but 
is used only on relatively inexpensive low-voltage tubes in 
which tube temperature and corrosion or scaling are not 
critical. 
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If the temperature and quality of cooling water are suit- 
able but the pressure is insufficient, a recirculating raw- 
water system is used instead of direct raw-water cooling. 
The water is recirculated as shown in Fig. 22*16, and cold 
water is added at the pump-suction side as required to main- 
tain the desired temperature. The tubes operate at the 



A- POOL CATHODE TUBE (SEALED) 

B- TEMPERATURE REGULATING VALVE 
C- PRESSURE REGULATING VALVE 
D- STRAINER 
E- WATER PUMP 

P- ACTUATING ELEMENT FOR TEMPERATURE 
REGULATING VALVE 
0- EXPANSION TANK 

Fia. 22*16 Schematic diagram of a recirculating raw-water-cooling 

system. 


same temperature, with a constant water flow through them, 
and water heaters can be used in the system to avoid low 
temperatures. 

If the quality of water is poor, or if tube temperature and 
corrosion or scaling are critical, a water-to-water system as 
shown in Fig. 22*17 is used. Water is circulated in a closed 
sy.stein through the tubes and one side of a water-to-water 
heat exchanger. Raw water Is passed through the other side 



A- POOL CATHODE TUBE (PUMPED) 

B- TEMPERATURE REGULATING VALVE 
C- PRESSURE REGULATING VALVE 

0- STRAINER 

E- WATER PUMP 

F- ACTUATING ELEMENT FOR TEMPERATURE 
REGULATING VALVE 
G- EXPANSION TANK 

H- RECTIFIER VACUUM MANIFOLD AND MERCURY VAPOR 
PUMP COOLING COILS 

1- WATER TO WATER HEAT EXCHANGER 

Fio. 22*17 Schematic diagram of a water-to-water cooling system. 

of the exchanger to maintain the desired temperature of 
recirculating water. Water heaters can be used, if they are 
needed. 

Water-to-water and the water-to-air cooling i^stenMi are 
preferred, because the corrosiveness of water is reduced by 
recirculating in a closed system, which de-aerates it. In 


water systems which are not corrosion resisting, only dis- 
tilled water made non-corrosive by treatment should be used 
in the recirculating system. The most successful treatment 
is (a) 0.5 percent sodium dichromate or (6) 0.1 percent 
sodium chromate. Borax is added to sodium dichromate to 
prevent the solution from becoming acid. 

The temperature-control point for most rectifiers is at the 
water-discharge point. Most rectifiers operate best with a 
temperature of about 55 degrees centigrade at this point. 
Minimum temperatures vary widely. Ignitrons or other 
small-tank rectifiers operate satisfactorily at temperatures 
down to 5 degrees centigrade, but some of the larger grid- 
controlled rectifiers require temperatures within a few degrees 
of the full-load controlled value. Too high a temperature 
causes arc-backs frequently. At too low a temperature the 
mercury-vapor density becomes so low that the arc becomes 
unstable and tends to snap out. As a result surges are 
generated in the inductances of the circuit. 

Rectifiers with vacuum equipment require cooling for the 
mercury-diffusion pumps. These pumps operate at tem- 
peratures as high as 50 degrees centigrade; (uinsequently 
with water-to-air heat exchangers the main recirculating 
water can be used through an auxiliary radiator as shown 
in Fig. 22*14. Pumping speed increases as cooling-water 
temperature is decreased. For this reason, raw-water cool- 
ing is used if possible. 

For the direct-raw-water and recirculating-raw-water 
cooling systems, computation of water consumption is rela- 
tively simple, if the heat transferred to the surrounding 
atmosphere (usually only a few percent of the total losses) 
is neglected. The method used is as follows: 


E X Zd-c 
1000 


( 22 * 1 ) 


where // = heat to be dissipated in kilowatts 
E = tube arc drop in volts 
id e = d-c load current in amperes. 

Then 

3.SXH 
{Iq fi) 


( 22 * 2 ) 


where g = raw-water consumption in gallons per minute 

to = automatically controlled temperature of the dis- 
charge water in degrees centigrade 
ti *= temperature of raw water entering the rectifier 
in degrees centigrade. 

A minimum raw-water rate for the direct-raw-water cool- 
ing system is set by the manufacturer to assure turbulent 
flow through the tubes. 

In a water-to-water cooling system, different recirculating 
water rates are used for various tube sizes; heat-exchanger 
design varies with each manufacturer, so exact raw-water 
consumption must be obtained from the designer. For esti- 
mating, 0.35 gallon per minute per hundred d-c amperes for 
raw water at 25 degrees centigrade and 0.40 gallon per minute 
per hundred d-c amperes for raw water at 30 d^rees centi- 
grade, based on a discharge-water temperature of 55 degrees 
centigrade, can be used. 
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If continuity of operation is essential, additional apparatus 
and by-pass and isolating valves can be used to permit 
cleaning or repairing any device while the unit is in operation. 

Vacuum Equipment 

Operating gas density in a mercury-arc tube is controlled 
by the condensation temperature of mercury in the tube. 
Foreign gas pressure is controlled by vacuum pumps and 
indicated by vacuum gauges. Foreign gas pressure must be 
limited to about 1 micron for satisfactory arc operation, and 



A- RECTIFIER TANKS 
B- INDIVIDUAL TUBE VACUUM VALVE 
C- VACUUM MANIFOLD 

0- VACUUM PUMPING CONNECTION 
E- HAND -OPERATE VACUUM VALVE 
F- MERCURY DIFFUSION VACUUM PUMP 
6- MERCURY PUMP HEATER 

H- MERCURY TRAP 

1- INTERSTAGE RESERVOIR WITH BAROMETRIC SEAL 
J- PRESSURE INDICATING MANOMETER 

K- HOT WIRE VACUUM GAUGE 
L- THREE WAY VACUUM VALVE 
M- McLEOD VACUUM GAUGE 
N- ROTARY VACUUM PUMP MOTOR 
0- DISCHARGE 

P- ROTARY OIL-SEALED VACUUM PUMP 

Fio. 22-18 Schematic diagram of a typical vacuum system for mcr- 
cury-arc rectifiers. 

to minimize chemical action of some of these gases on tube 
parts. 

In recent years, it has become economically possible to 
manufacture permanently sealed tubes and replace them 
when, after a few years, the pressure becomes too high. 
The unlimited life of reparable, continuously pumped tubes 
make them popular. Vacuum equipment on a pumped 
rectifier must remove gases at a rate to balance remnant 
leakage. 

Figure 22-18 shows a diagram of a typical pumping sys- 
tem. Vacuum valves are so placed that any tube, gauge, or 
pump can be removed without admitting air to the remaining 
tubes. These valves also permit the isolation of leaks in a 
relatively small part of the system, making them easier to 
find. Gases are pumped from the rectifier by a mercury- 
diffusion pump through a manifold cooled and baffled to 
avoid mercury transfer. The mercury pump discharges into 
an interstage reservoir. A mechanical pump of the vane 
type, discharging at atmospheric pressure, exhausts the inter- 
stage reservoir. This reservoir adds flexibility by permitting 
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stoppage of the mechanical pump without stopping the 
pumping action. In some units a barometric seal consisting 
of a tube longer than barometric height dipping into a pool 
of mercury is incorporated in the interstage reservoir. This 
seal acts as a check valve if either the diffusion or the mechan- 
ical pump fails. A set of vacuum gauges completes the pump- 
ing system. 

The mercury-diffusion pump utilizes the same fluid as the 
rectifier, and a small transfer of fluid does not contaminate 
either device. The three-stage pump will pump against a 
back pressure as high as 25 millimeters of mercury. 

Mechanical vacuum pumps differ in detail, but all use 
the principle of a rotary vane operating under oil to provide 
an oil seal. Various types of check valves are used to avoid 



GAUGE IN NORMAL POSITION GAUGE IN READING POSITION 

Fig. 22-19 Principle of a bellows type of Mclicod gauge. 

admission of air or oil to the rectifier if the mechanical pump 
stops. The mechanical pump must pump at rates equal to 
the pumping speed of a mercury pump and must exhaust 
the interstage reservoir to a pressure less than the maximum 
discharge pressure of the mercury-diffusion pump. 

The most reliable vacuum gauge is the McLeod gauge, 
which takes a sample of the gas to be measured and com- 
presses it by a specified amount to a readable value on a 
mercury column. Figure 22-19 illustrates this principle. 

Since the McLeod gauge uses mercury as the operating 
medium, it measures only permanent gases; however, it 
operates on the sampling principle, and is not suitable for 
continuous reading or for unsupervised protective purposes. 
There are several forms of electric gauges, the principal types 
being the Pirani, thermocouple, and ionization gauges. For 
automatic indication and protection, the Pirani gauge is 
almost universally used for mercury-arc rectifiers because it 
is relatively simple and rugged; it has sufficient power to 
operate both an indicating meter and a contact-making 
relay, and it is most sensitive at a pressure of 1 micron. 


Associated Apparatus 



358 


Chapter 22 


Mercury^ Arc Rectifiers for Power Applicaiion 


The Pirani gauge operates on the principle that the thermal 
condiieii\’ity of a gas is proportional to its molecular density 
and inversely proportional to its molecular weight. In this 
gauge a tube with a filament is connected to the vacuum to 
be measured. A fixed current is passed through the filament. 
The temperature to which this (current heats the filament is 
influenced by the pressure of the gas surrounding it. This 
temperature also influences the resistance of the filament. 
By connecting the filament in a bridge circuit with fixed 
resistances as shown in Fig. 22*20, the current through the 
meter circuit is related to the pressure surrounding the fila- 
ment. The scale of the meter can be calibrated to read 
pressure, and a relay with the desired contact-making range 
is selected. 

Although the Pirani gauge can be used for all gases, the 
molecular weight of mercury makes its influence much less 


loss of the transformer, proportional to the square of the d-c 
load amperes, accounts for the decrease in efficiency at 
heavy loads, particularly in the overload region. A typical 
efficiency curve is shown in Fig. 22*21. 

The loss in the arc is almost constant for a given ampere 
output, regardless of the output-voltage rating of the unit. 
Arc-voltage drop increases only slightly as the output voltage 
rating of the unit is increased. This loss is proportional to 
amperes and not kilowatts, so the arc loss of a low-voltage 
unit is a much higher percentage of the kilowatt rating than 
is the arc loss of a high-voltage unit. For example, the full- 
load efficiency of a 250- volt unit would be about 91 percent; 
full-load efficiency of a 6(K)-volt unit would be approximately 
95 percent; full-load efficiency of a 1500-volt unit would be 
approximately 96)^^' percent; and at 3000 volts the efficiency 
would exceed 97 percent. 




than that of air; therefore mercury vapor in the rectifier has 
a relatively minor influence. 

The relay disconnects the rectifier from the power circuits 
at a selected rectifier pressure; or it can be arranged to sound 
an alarm. A rectifier will operate at pressures as high as 
100 microns, but long-time operation at such a pressure 
would cause excessive deterioration of tube parts. For this 
reason, the relay is usually set for some pressure less than 
20 microns. 

Efficiency 

Losses in the component parts of a rectifier unit include 
transformer excitation and copper losses, rectifier arc-drop 
loss, and losses of the standard auxiliaries. Included with 
the auxiliary losses are the rectifier excitation loss, the loas 
in the vacuum-pumping system, and the loss in the continu- 
ously operating equipment of the rectifier-cooling system, 
A water-cooling system with no pumps or fans has no loss. 
If a recirculating cooling system is used, the losses in the 
pump-driving motors are included. Losses in auxiliaries 
such as fans, water heaters, and anode heaters are not in- 
cluded in efficiency calculations, because these devices oper- 
ate intermittently, their operation depending upon load and 
ambient temperature. 

The efficiency curve of a rectifier unit is almost flat from 
one-quarter load to full load. The smallness of no-load 
losses accounts for the high efficiency at light load. The arc 
loss is almost in proportion to the d-c load amperes; the arc 
voltage drop increases only slightly with load. The copper 


In general, the larger the rating of the rectifier unit, the 
higher its efficiency, particularly at smaller loads, because 
the no-load losses of the large unit are a small percentage of 
the unit rating as compared with smaller units. 

Power Factor 

The power factor of a rectifier unit is lagging. It is deter- 
mined by transformer excitation; by harmonic components 
of the supply system; and by phase displacement (displace- 
ment factor) between supply voltage and current, which is 
caused by circuit reactance opposing transfer of current from 
one anode to another. At light loads the major influence on 
power factor is transformer excitation. 

. At normal loads power factor is influenced mostly by the 
reactances of the rectifier transformer and the a-c supply 
system. Wlien current transfers from one anode to another, 
or commutates between rectifier elements, the time required 
for current transfer increases with the reactance of the total 
circuit. For a given circuit and transformer the time of 
transfer increases as the current transferred is increased. 
The effective combined reactance of the supply circuit and 
the transformer, which opposes transfer of current from one 
element to another, is known as commutating reactance. 
For given conditions, the higher the commutating reactance 
is, the greater the delay in transfer of current, the greater 
the lag of current with respect to voltage, and the lower the 
power factor. The time required to transfer current from 
one element to the next is known as the angle of overlap. 

The harmonic content of the a-c system represents out-of- 
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phase components which do not add to the active power but 
do add to the volt-amperes, and therefore influence power 
factor. The effect of harmonics on power factor is known as 
distortion factor. 

In a twelve-phase unit the current is commutated between 
elements 12 times a cycle; for a six-phase unit, it is com- 
mutated between elements 6 times a cycle. Because all 
elements conduct for 120 degrees, the current commutated 
for each transfer of the twelve-phase unit is half that of a six- 
phase unit comparably rated. If both im ts had the same 
reactance, the displacement factor for the twelve-phase unit 
would be less than for the six-phase unit and would result in 
higher power factor. To maintain normal output-voltage 
regulation for a twelve-phase unit the reactance usually is 
double that of a six-phase unit. For this reason, the dis- 
placement factors of the two units usually are the same. 
The harmonics of a twelve-phase unit are much less than 
those of a six-phase unit, so the distortion factor for the 
twelve-phase unit is less. This accounts for the higher powder 
factor of the twelve-phase unit. Typical power-factor curves 
for six and twelve-phase units are shown in Fig. 22*22. 

The distortion factor of a twelve-phase unit is small, and 
any increase in the number of phases above 12 does not im- 
prove power factor appreciably. 

Output-voltage control or phase control is accomplished 
by delaying the point in the cycle at which the anodes pick 
up current. This delay in pick-up adds to the angle of over- 
lap, represents additional delay of current with respect to the 
supply voltage, and therefore reduces power factor. Reduc- 
tion of power factor from the normal power factor of the unit 
is in direct proportion to the reduction of output voltage. 

Regulation 

Regulation guarantees are based on calculated values, the 
voltage drops of the various component parts of the rectifier 
unit being subtracted from the light-load voltage of the unit 
to determine output voltages at various loads. Voltage drop 
in the unit is made up of reactive drop in the transformer, 
copper drop in the transformer, and arc-drop in the rectifier. 

For a six-phase double-wye transformer the formula for 
output voltage is 

P 

Ed^c = - (0.2388/.Y) - - -E (22*3) 

where Ed^c = output voltage at the specified load 
Eg = anode-to-neutral no-load rms voltage 
I = d-c ampere output of the rectifier unit 
X = commutating reactance of transformer in ohms 
P = copper loss of the transformer in watts 
E == arc-voltage drop of the rectifier. 

Voltage-regulation calculations are based on a sustained 
sinusoidal alternating voltage supply to the high-voltage 
terminals of the transformer. Regulation is influenced by 
the reactance of the a-c supply system. If the characteristics 
of the supply system are known, the reactance can be ex- 
pressed in terms of transformer commutating reactance and 
can be included. Usually the reactance of the supply system 
is low compared with the reactance of the transformer, and 
has only a slight effect on regulation. The reactive effect of 
the supply system is somewhat greater than the voltage drop 


as measured by an a-c voltmeter because distortion of the 
voltage wave has an additional tendency to make the regula- 
tion curve steeper. If a system has unusually high reactance, 
the reactance of the system should be specified to the manu- 
facturer. 

The difference in arc-voltage drop betw^een light load and 
full load usually is only 2 or 3 volts; therefore, it has little 
influcncie on regulation. This voltage drop is almost the same 
regardless of the output-voltage rating of the unit. 



Usually the equivalent voltage drops in the component 
parts result in a regulation of 5 to 6 percent from full load to 
light load. 

Output voltage of a rectifier unit with a twelve-phase 
quadruple zigzag transformer is 

P 

Ed^c = lA7Eg - (0.1195/X) - y - P (22 *4) 

This formula is similar to the formula for the six-phase 
double-wye unit, except that the effect of reactance is only 
one-half as much. The transformer usually is designed with 
a commutating reactance approximately double that of a 
six-phase double-wye transformer. The effect of the system 
reactance is, however, only one-half as much as when supply- 
ing a six-phase double-wye connected transformer. 

Output voltage of a unit with a six-phase star transformer 
is 

P 

Ed-c = 1.35£;. - (0.95/X) - --E (22 -5) 

Here the effect of commutating reactance is greater than for 
either the six-phase double-wye or twelve-phase quadruple 
zig-zag units; regulation is greater, and is influenced more 
by the reactance of the a-c supply system. 

Output voltage of a unit with a six-phase parallel double- 
wye transformer is the same as for a unit with a six-phase 
double-wye transformer. 

If the load on the unit is lower than the excitation require- 
ments of the interphase transformer, its operation will revert 
from six-phase, double-wye to six-phase, star. This reversion 
causes an output-voltage rise at zero load of from 1.17P, to 
1.35^8, a rise of 16 percent. The transition from double- 
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wye to star operation is not sudden; the voltage rise increases 
as the load on the unit is decreased below the interphase 
excitation requirements. All rectifier units using interphase 
transformers have this light-load voltage rise, and special 
provisions may be required for its suppression. If the antici- 
pated load on the unit is less than the excitation requirements 
of the interphase transformer, suppressing equipment should 
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Fig. 22-23 D-c voltage reduction by phase control. 

be provided. The simplest method is to load the unit per- 
manently or intermittently by means of a resistor to provide 
an adequate load on the unit. The intermittent resistor can 
be controlled automatically so that it is connected into cir- 
cuit only when it is required. 

The usual interphase transformer is fully excited when the 
load on the rectifier unit is 0.5 percent of its full-load rating. 
If a large load is maintained, as in electrochemical loading, 
the interphase transformer may be designed for higher exci- 
tation, but it will not exceed 5.0 percent of the full-load 
rating of the unit. 

Phase Control of Output Voltage 

Voltage output of the unit at any given load bears a fixed 
relation to the alternating voltage. The only way in which 
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output voltage can be increased is to change taps of the 
rectifier transformer, or to increase the a-c supply voltage. 
Output voltage can be decreased by delaying the point in the 
cycle at which the anodes begin to conduct current. This is 
accomplished by control grids in continuously excited recti- 
fiers and by delaying the ignitron impulse in intermittently 
excited rectifiers. The effect of delayed pick-up of current 
by the anodes is shown in Fig. 22*23. Voltage output is the 
average of the voltage waves; because delay in pick-up results 
in a decreased average, output voltage is decreased propor- 
tionally. Although the average voltage is decreased, the 
peak voltage of the waves sometimes is maintained at the 
original value. This is important if stress, instead of the 
average output voltage, is to be reduced. Voltage stress is 
proportional to peak voltage, not to average voltage. 

If the control equipment is set for a fixed angle of delay 
in pick-up, the regulation curv'e is parallel to the normal 
voltage-regulation curve, and is displaced from it by an 
amount proportional to the amount of fixed-excitation delay. 
Automatic regulators can vary the pick-up delay, depending 
upon the load on the unit, or can maintain a fixed voltage on 
the unit regardless of load. 

Control of output voltage has an advci*ae effect upon the 
power factor of the unit and upon harmonics in both a-c 
and d-c systems. 

Voltage-regulating equipment is not effective in suppress- 
ing light-load voltage rise, which must be suppressed in the 
same way as for a unit without voltage control. 
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INVERTERS 
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T he conversion of d-c power to a-c power by electronic 
equipment can be accomplished by either an oscillator 
or an inverter. These two terms usually are applied 
to definite types of conversion equipment. A device using 
vacuum tubes or rectifying elements in which the flow of 
current through the elements is controlled continuously is 
called an oscillator, A device using gaseous tubes or recti- 
fying elements in which only the start of current conduction 
can be controlled is called an inverter. The characteristics of 
these two types of converters are different, and therefore 
each has its own field of application. Only the inverter is 
considered in this chapter. 

The inverter is applied where highly efficient static equip- 
ment is required and where the output a-c frequency is not 
above that at which gaseous tubes can be controlled.'* ^ 
Ratings from a few watts to thousands of kilowatts can be 
obtained with the designs of gaseous tubes which arc now 
available.® The normal lower frequency limit is in the low- 
power frequencies and can be as low as is practical for the 
transformer equipment. The tubes may have an extremely 
low-frequency limit, and some types can conduct a continu- 
ous current. The upper frequency limit is from about 2(KX) 


to 3000 cycles per second, which is about the practical fre- 
quency limit for which mercury-vapor gaseous tubes can 
now be designed to control the forward currents. 

23- 1 INVERTER OPERATION 

If the angles of ignition retard of a rectifier are increased, 
the d-c voltage is reduced because the tubes conduct in 
periods during which the average of the \vorking portion of 
the a-c voltages is lower. If the current is caused to continue 
flowing, the d-c terminal voltage can be reversed if the angles 
of retard are increased so the tubes conduct more of the time 
during the negative half of the a-c voltage wave than during 
the positive half. The a-c circuit receives energy if the cur- 
rent is caused to flow^ in the normal direction through the 
tubes by some voltage source in the d-c circuit. This type 
of operation with gaseous tubes is know n as inversion. 

The control characteristics of gaseous tubes under normal 
load conditions and with the usual control circuits are such 
that it is possible only to prevent the start of load current. 
For this reason if gaseous tubes are to control the transfer 
of energy from a d-c circuit to an a-c circuit, the power 
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Inverters 


circuit must have circuit voltages which can transfer the 
current from one tube to the next conducting tube. 

A large number of circuits will meet the reciuirements for 
inverter operation, but all can be classified into the following 
types as determined by their operating conditions: 

1. Separately excited inverter. 

2. Self-excited inverter. 

а. Parallel capacitor 

б. Series capacitor 

c. Compound capacitor 

The relation of these inverters to other types of electronic 
frequency converters is shown in Fig. 23*1. Since inverter 
operation is involved in some of the other types of electronic 
frequency converters, they are also considered here. 

23-2 SEPARATELY EXCITED INVERTER 

The determining characteristics of a separately excited 
inverter is that it supplies energy to an a-c circuit in which 
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Fio. 23-2 Power circuit of separately excited six-phase star inverter. 

the voltages are established in magnitude, frequency, and 
phase position by other equipment on the circuit. This 
type of inverter normally is used where the rating of the a-c 
power circuit is large in comparison with the rating of the 
inverter. Inverters with large ratings are almost always 
operated separately excited, because their a-c circuits are 
usually connected to large stable systems.^* ® 

A t 3 rpical circuit for separately excited inverters is shown 
in Fig. 23-2, which is a six-phase star circuit. The method 
of operation is shown in Fig. 23-3. If tube 1 is allowed to 
start conducting when the voltage of its transformei;. winding 
is opposed to the normal flow of current through the tube, 
the total direct current can be conducted through phase 1 
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because the impressed voltage of the d-c generator is greater 
than the transformer phase to neutral voltage. Energy is 
delivered to the transformer phase that is conducting. Cur- 
rent is prevented from flowing in the other windings by 
blocking the control electrodes of the other tubes. 



TUBE CURRENTS 



Fio. 23*3 Voltage and current wave forms of separately excited six- 
phase star inverter. 

The usual inverter circuit carries a continuous direct cur- 
rent, because the inductance in the d-c circuit sustains current 
after the instantaneous counter voltage of the transformer 
winding is greater than the impressed voltage of the line. 
Current can be transferred from one transformer winding to 
another by releasing the second tube when the a-c voltage 
of its winding is less negative than that of the conducting 
tube. The angle during which this commutation can occur 
is shown in Fig. 23*3. The ignition angle of tube 2 is delayed 
from its zero-delay rectifier firing angle by about 150 degrees, 
which is indicated as the angle a. At this angle, and for a 



TUBE CURRENTS- GROUP 1-3-5 

r-y-r-r ■ x 3 y — » x i x 3 

TUBE CURRENTS-GROUP 2-4-6 

oz^cacEx 

Fio. 23-4 Voltage and current wave forma of separately excited six- 
phase double-wyc inverter. 

small angle following, the counter voltage of the incoming 
transformer winding is less than that of the phase which has 
been conducting. Because of the commutating reactance of 
the transformer windii^;s, a small angle is required to com- 
mutate the current from phase 1 to phase 2. The nnglA 
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measured from the instant at which the current has been 
completely commutated to the instant at which the negative 
voltages of the outgoing and conducting phases are equal is 
the margin angle 7, and is the time available for the tube to 
deionize and gain control. Tube 2 conducts the current 
until it is time for tube 3 to start; then current is commutated 
from tube 2 to tube 3 by normal circuit voltages. The process 
continues until all tubes carry the current for slightly more 
than 60 degrees each cycle. 

The operation of another important circuit for separately 
excited inverters is shown in Fig. 23 -4. This circuit is the 
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current which leads the voltage. This means that the in- 
verter requires a lagging reactive current from the a-c circuit 
in order to commutate correctly. If the inverter is considered 
to be supplying the kilowatt load to some a-c equipment 
which also requires lagging current, the a-c circuit must 
furnish the lagging reactive current of both the inverter and 
its load. The magnitude of this reactive kva requirement 
can be determined separately, because the requirements of 
the load and the inverter are not related. The reactive kva 
requirements of the load depend upon the type of equipment 
and can be determined by normal methods. Reactive kva 


Separately Excited Inverter 



Fio. 23-5 Commutation angles for rectifier and inverter oi>eration for several values of d-c voltage regulation. The commutation angles are 

independent of the numbt*r of phases. 


six-phase double wye, which is desirable for ignitron inverters 
of high capacity. (See Fig. 23-8.) Here this circuit has the 
same advantages as it does with a rectifier, and the reduction 
in peak ionization is especially important for inverter 
operation. 

In large inverter installations in which the d-c voltage 
supply can be independent of all other equipment, the six- 
phase double-way circuit shown in Fig. 23*11 should be 
supplied. The transformer kva rating is lower, and under 
certain conditions the counter voltage drops to only half 
value, if there is a fault on an inverter tube. The circuit is 
used for high-voltage d-c circuits because the forward voltage 
on the tubes is only about half of that on single-way circuits. 

Commutation Requirements 

The major requirement that a separately excited inverter 
makes on the a-c circuit is that the a-c circuit receive a 


requirements of the inverter are dependent upon the angles 
of ignition advance of the tubes, the commutating reactance 
of the transformer, and the load current. Usually it is be- 
tween 50 and 80 percent of the real power being converted. 
If circuit conditions are known, reactive kva can be calcu- 
lated by the following formula: 


2^^ — sin + sin 2(jS — w) 

Reactive kva = Edola ; — 

4[cos iff — u) — cos p\ 


(23*1) 


where Edo = d-c voltage at no load operated as a rectifier 
with no ignition delay 
Id = d-c load current in average amperes 
u = commutation angle in radians as an inverter 
p = angle of advance of the inverter = 180° — a. 

Conditions of operation of a separately excited inverter 
are determined by the ratio of the a-c voltage to the d-c 
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impressed voltage, the load, the commutation angle, and the 
ignition angle. These quantities are interrelated and can be 
found by the following equation: 

f f cos — ?0 — cos 01 Pr ] 

Ea = - pc/o [cos/3 + ^ + J?a[ 

(23*2) 

where Ed = average d-c voltage under load ^ 

Pr = power loss in transformer in watts 
Ea *= arc-drop voltage in tubes. 

In the analysis of the separately excited inverter, the a-c 
voltage usually is considered to be constant in wave form and 
magnitude, and the d-c voltage is assumed to change with 
load. ' The angle of ignition advance is set by the operator 
or by some type of regulator, and with power inverters the 
advance angle is usually between 30 and 40 electrical degrees. 
The relation between the ignition angle and the commuta- 
tion angle for various amounts of regulation for converters 
at full load is shown in Fig. 23 * 5. 

Rating 

The rating of a separately excited inverter usually is given 
in kilowatts, because it can convert only real power from the 
d-c circuit to the a-c circuit. However, since this type of 
inverter always has reactive kva requirements it also has a 
total kva rating, which determines the transformer capacity. 
The ranges of the a-c voltage and the d-c voltage and the 
overload limit have an important influence on the design of 
the over-all inverter system. 

Frequency Limitations 

A change in frequency of the a-c system docs not have any 
great effect on the power-circuit operation of the separately 
excited inverter, so long as the power and excitation trans- 
former equipment is suitable and the tubes are allowed suffi- 
cient time for deionization. 

23.3 SELF-EXCITED INVERTERS 

If an inverter is to supply power to an a-c circuit which 
does not have established voltages, a circuit which is self- 
excited must be used. This type of inverter is characterized 
by the fact that it has the determining influence on the wave 
form of the output a-c voltage. It may be of the parallel- 
capacitor type, the series-capacitor type, or a combination of 
the two types, depending upon the circuit arrangement used 
to obtain commutation. A requirement of a self-excited 
inverter is that it supplies a load current which, combined 
with the current required by the commutating capacitors, 
produces a resultant current which leads the output voltage. 
The different inverter circuits have a number of explanations 
of their method of operation, but fundamentally they are 
based on the principle of bringing the tube current to zero 
by some negative circuit voltages and blocking the tube by 
its control electrode before the circuit voltage reverses and 
becomes positive.** ** • 

Parallel-Capacitor Inverter 

A single-phase parallel-capacitor type of inverter is shown 
in Fig. 23*6. The operation of this circuit can be under- 


stood by assuming that tube 1 has started conducting. The 
full d-c voltage Ed will then be impressed on the winding 5 
and the d-c inductance 8. At first, most of the voltage will 
be on the inductance, because the transformer is connected 
across the commutating capacitor 0, but as the capacitor 
becomes charged more voltage is impressed on the trans- 
former. Finally almost the full d-c voltage is impressed on 
half of the transformer. The capacitor then is charged to 
twice the d-c voltage, because it is connected across the 
whole winding. The anode of tube 2 is positive with respect 
to its cathode by about double the d-c voltage, but it does 
not start to carry current because a cathode spot has not 
been established or the grid is held negative. In the first half 
of the cycle, load 10 receives a voltage the wave form of 



Fig. 23*6 Power circuit of parallel-capacitor, self-<*xcitcd, single- 
phase inverter. 


which is determined by the values of d-c inductance and 
commutating capacitance and the type of load, but it can be 
made to approximate half of a sine wave. Tube 2 is then 
released, and its anode starts conducting. Because the com- 
mutating capacitor was charged with terminals 3, negative, 
and 4, positive, the anode of tube 1 is immediately forced 
negative; the capacitor cannot discharge through the tubes 
because of the rectifier action of tube 1. The load current 
will then continue to flow through winding 5, through the 
capacitor, and then through tube 2 back to the input circuit 
as long as the load, the commutating reactances, and the 
commutating capacitor demand current flow in this direction. 
As the commutating capacitor becomes discharged and 
begins charging in the other direction the load current starts 
to flow in winding 6. The process then is repeated with 
tube 2, and the current later is commutated back to tube 1. 
The timing of the firing of the tube detennines the output 
frequency. 

Capacitor Requirements 

The critical part of the self-excited inverter is the com- 
mutating capacitor. At a given load it determines the 
portion of the cycle which is allowed for the tubes to deionize. 
With a resistance load, low-output frequency, and low-power 
capacities a margin angle of about 18 degrees, which should 
be sufficient, can be obtained with a capacitor volt-ampere 
rating of about 60 percent of the load watts. High-capacity 
or high-frequency inverters may require a capacitor volt- 
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ampere rating up to 100 percent of the load watts. A reason- 
ably accurate method of estimating the capacitance required 
for lagging reactive load is to add the capacitance required 
to bring the load to unity displacement factor and estimate 
the remainder as a resistance-loaded inverter based on these 
percentages. 

Applications 

The parallel-capacitor type of inverter should be used for 
low-regulation a-c power supplies on which no heavy over- 
loads are expected. The circuit elements can be selected so 
that almost any type of load can be supplied. This type of 
circuit has a definite overload limit. If it is exceeded, the 
inverter faults because two tubes start to conduct at the 
same time. This type of circuit is essentially a constant- 
voltage circuit. 

Series-Capacitor Inverter 

The scries-capacitor inverter is shown in Fig. 23-7. This 
circuit has the advantage that it can supply a load with a 
widely variable impedance. A short-circuit current can be 
supplied, provided the tubes continue to control and do not 



FiO. 23-7 Power circuit of sorie.s-t*apacitor .self-ex cited single-phase 

inverter. 

arc back. The circuit must carry some load at all times. Its 
voltage regulation always is rather high, and the voltage 
wave form changes considerably with load. This type of 
circuit is essentially a constant-current circuit. 

Compound-Capacitor Inverter 

By combining the parallel-capacitor and series-capacitor 
arrangements a compound-capacitor inverter circuit with a 
wide range of characteristics can be obtained. The parallel 
capacitor improves operation at light loads; the scries capaci- 
tor makes it possible to operate at heavy loads. The wave 
form of the output voltage varies somewhat with load, but 
with the optimum capacitances it is approximately sinu- 
soidal. The compound-capacitor inverter may become the 
most important type of self-excited inverter, because it has 
the best characteristics over a wide load range. 

Special Circuit Conditions 

Self-excited inverters should be avoided for some applica- 
tions because of the possibility of obtaining circuit conditions 


that will prevent satisfactory operation. One of these is the 
starting of induction motors that require about the same 
rating as the inverter capacity. Resonance can be obtained 
which prevents the motor from reaching full speed, and can 
cause serious circuit disturbances. Special consideration 
should be given to self-excited inverters supplying loads with 
widely variable power-factor or variable-frequency require- 
ments. 

23-4 INVERTER FAULTS 

If the load on an inverter is increased, a current will be 
reached at which the inverter suddenly fails and the d-c 
supply is short-circuited. The faults obtained on inverter 
operation are similar for all types of inverters. During cor- 
rect operation, the blocked inverter tubes and the conducting 
transformer windings oppose the flow of forward current 
through them, and during a fault the counter voltage of the 
inverter falls to a value that averages zero over a cycle. 

Arc-Through 

The general term used for faults in which the average 
counter voltage falls to zero is the ‘^arc-through, which is 
defined as the conduction of power current in the forward 
direction through a tube during a scheduled non-conducting 
period of the cycle. Arc-throughs have several causes and 
can be subdivided as (1) forward-fires, (2) misfires, and 
(3) incomplete commutations. 

Forward-Fire. Failure of the tube to hold a forward volt- 
age on the anode is known as a forward-fire. Failure is 
caused by the loss of control which may be due to the tube 
or its excitation circuit. If load current and voltage are at 
the limiting rating of the gaseous tubes there may be some 
loss of the control functions. In thyratrons this is caused by 
failure of the grid to prevent the start of load (current. In 
ignitrons forward-fires are caused by the establishment of a 
cathode spot on the mercury surface or tube wall before the 
ignitor is fired. Control characteristics of thyratrons or 
ignitrons are partly determined by the residual ionization in 
the tube as the anode becomes positive. The amount of 
residual ionization is largely determined by load current, 
space between surfaces, and vapor temperatures.^®* “ The 
excitation ciniuit can cause a tube to forward-fire by allowing 
the grid to become positive or by firing the ignitor during the 
non-conducting portion of the cycle. One important cause 
of the loss of grid control is a result of a sudden change in 
the main anode potential, which makes the grid positive for 
a short time because of the capacitance of the grid to the 
anode. Loss of control due to a change in grid potential is 
obviated by the use of external capacitors between the grids 
and cathode so that most of the surge voltage is impressed 
on the anode-to-grid capacitance. 

Misfire. A misfire is a failure of a tube to start conducting 
current at its normal ignition angle. An arc-through is pro- 
duced by a misfire because the current is not commutated 
from the conducting tube to the tube which has the misfire. 
The counter voltage in the transformer winding for the con- 
ducting tube reverses; then the full d-c voltage plus the a-c 
voltage tend to make the current increase. The misfire is 
caused by either the tube or its excitation circuit. 
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Incomplete Commutation. If the load on an inverter is 
increased until there are not sufficient volt-seconds during 
the advance angle to commutate the current from the trans- 
former winding, the outgoing tube cannot gain control be- 
cause the load current does not go to zero. The fault results 
from the fact that when the current is not completely com- 
mutated it commutates back to the original tube because the 
circuit voltage reverses. Current then continues in the first 
tube until the d-c source is interrupted or its voltage is 
removed. The incomplete-commutation type of fault usu- 
ally is caused by the load circuit, but it may be caused by 
incorrect phasing of the excitation circuit. This type of 
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overvoltage on the other group of tubes and may cause 
another fault. 

An arc-through on an inverter does not always cause a 
complete circuit fault. Whether the fault is continuous is 
determined by the current in the faulted transformer phase 
at the times when current can be commutated to the next 
phase. The current tends to be commutated out of the 
faulted winding at the normal commutation angles, and if 
the current has increased only a slight amount this usually 
is possible. An inverter can be designed so that a single 
fault on the tube is corrected in one cycle, by using a large 
d-c inductance and exciting the tubes in order to commutate 
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Fig. 23-8 Rectifier and inverter circuit for a regenerative sub-station. 


fault is one of the main limitations of inverters, and the 
faults can occur regardless of the quality of the gaseous 
tubes that are used. However, the incomplete commutation 
fault merely produces a definite load limit for the equipment, 
and can be accurately predicted, so the inverter can be de- 
signed for any desired load. 

Arc-Backs on Inverter Tubes 

Arc-backs are sometimes found to occur in inverter opera- 
tion, but they are not serious by themselves, since the circuit 
voltages do not maintain reverse current in the tubes. The 
arc-back may come at the end of the conduction period in 
the short angle when the anode is negative. The important 
disadvantage of the arc-back is that it usually becomes an 
arc-through because there is considerable ionization in the 
tube when the anode goes positive. 

Clearing Inverter Faults 

To clear an arc-through it is necessary only to remove the 
impressed d-c voltage, because no fault current is supplied 
by the other tubes in inverter operation provided they con- 
trol correctly. Usually only one tube is involved ^Jiowever, 
in some special circuits, such as the six-phase, double-wye, 
and the six-phase, double-way, a fault on one tube causes an 


a large current. On this fault, the current is in the winding 
for one cycle, and when the second normal commutation 
angle, is reached the current is commutated and correct 
operation is started again. 

23-6 APPLICATION OF INVERTERS FOR 
REGENERATIVE LOADS 

If a large amount of energy must be returned by the load 
to the d-c circuit, the load cannot be supplied by rectifiers 
unless some provision is made to absorb the energy. It can 
be dissipated on resistors, or it can be returned to the a-c 
system by means of inversion. For railway substations in 
mountainous country, the rating of the inverter may have to 
be about the same as that of the rectifier. Since this type of 
converter is always connected to a stable a-c system, it usu- 
ally is operated as a separately excited inverter.^* 

Several methods can be used to obtain regeneration. In 
one method the same unit can be changed from rectifier 
operation to inverter operation by switching the polarity of 
the d-c terminals and retarding the ignition angles of the 
tubes.. Another method is to use one or more units to supply 
the rqctifier load and one or more units operated as inverters 
to take regenerative loads. On heavy inverter overloads 
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some of the units can be switched from rectifier to inverter returning energy to the a-c circuit. The contactors are 
operation to help carry the load, and when the regenerative changed so that current can reverse, and the ignition angles 
load drops the units can be switched back to rectifier are increased until inversion can take place. The magnitude 
operation. of the regenerative current can be controlled by varying the 
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Fia. 23*9 Combined voliago-n^gulation characteristics of rectifier and inverter sub-station. Rectifier regulation is 8 percent, and inverter regula- 
tion is 6 percent with a higher transformer voltage. 


If regeneration is required by a load, the only indication 
of the need for reversal of power transfer is a rise in the d-c 
voltage. The inverter counter voltage should be set by its 
ignition angles so that it starts to convert a regenerative load 
as soon as the rectifier voltage reaches its no-load value. 

A typical rectifier and inverter sub-station for delivering 
or absorbing power from a d-c railroad trolley is shown in 
Fig. 23*8. The operating conditions which can be obtained 
are shown in Fig. 23 • 9. Because the a-c voltage of the trans- 
former secondaries are higher on the inverter, small angles 
of ignition retard can be permitted on the rectifier and still 
allow sufficient margin angle on the inverter for operation 
with normal overloads. 

Reversing D-C Motors 

Reversing d-c motors is a special application for which 
inverter action may be required.^* The action is the same as 
for regeneration, except that the reversal of the direction of 
power flow must take place over a wide range of d-c voltages. 
Ordinarily only one converter is used, as shown in Fig. 23 • 10. 
For sudden reversal, the inverter brakes the motor by 


firing angles of the inverter tubes. As the motor slows, the 
firing angles can be advanced and the motor speed can be 
reduced by a constant torque. The motor then can start 
in the opposite direction of rotation by rectifier action. 
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Fio. 23-10 Simplified circuit for single converter supplying d-c motor 
with contactors to allow regeneration on reversing. 
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23-6 RECTIFIER AND INVERTER FREQUENCY 
CHANGER 

The application of inverters to frequency changing has 
become important in the past few years.'^* “• *• The elec- 
tronic frequency changer converts power from a 60-cycle 

60 CYCLE 
SYSTEM 


voltage on the tubes should be as high as possible to obtain 
a maximum efficiency. The upper limit in the d-c voltage is 
determined by the voltage limit of the tubes at which maxi- 
mum power capacity can be obtained. The tubes usually 
are operated in a six-phase double-way circuit because the 
transformer kva is lower. For capacities greater than can 

25 CYCLE 
SYSTEM 


Fig. 23*11 D-o link electronic frequency chanser for transfer of power Ixjtween 60-cycle and 25-cycle power systems. 



power system to a 25-cycle system for industrial plants. This 
operation requires a circuit that will allow a considerable 
variation in the frequency ratio without any great change in 
power flow. One of the important circuits with this charac- 
teristic is known as a d-c link electronic frequency changer. 



Fio. 23* 12 Characteristics of a 10,000-kilowatt d-c link electronic 
frequency changer. 

It consists of a rectifier connected to the a-c system supplying 
the power and an inverter connected to the a-c system re- 
ceiving the power. (See Fig. 23 -11.) 

The magnitude of the d-c voltage is relatively independent 
of other equipment, and therefore the inverse or forward 


be obtained with six tubes, several units can be operated 
with the d-c circuits in series; consequently all converters 
carry the same load currents. To maintain minimum volt- 
age to ground, the units can be connected so that there is 
alternately a rectifier and then an inverter around the loop 
of the d-c circuit. Almost any number of units can be oper- 
ated in the circuit, and the converters become less sensitive 
to individual inverter-tube faults as the number is increased. 

Characteristics 

The rectifier and inverter type of electronic frequency 
changer operates normally so that the two units are rela- 
tively independent except that the average d-c voltage and 
d-c current must be equal. The system frequencies are not 
related in any way, and the frequency ratio can vary over a 
large range as long as frequency limits of the excitation 
circuits and the transformer equipment are not exceeded on 
either unit. This characteristic and the fact that high effi- 
ciencies can be obtained are the outstanding advantages of 
this type of equipment. The performance of a typical 
10,(X)0-kilowatt electronic frequency changer is shown in 
Fig. 23 • 12. This unit was designed for conversion of powder 
from a 60-cycle system to a 25-cycle system with provisions 
for reversing the direction of energy flow. 

Applications for Electronic Frequency Changers 

For large power ratings the electronic frequency changer 
has a higher initial cost than a synchronous-synchronous 
type of rotating frequency changer. The large number of 
parts and the complexity of the excitation and control cir- 
cuits for the high-voltage ignitrons make the electronic 
frequency changer rather expensive. However, if there are 
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fioine special requirements which cannot be easily accom- have sufficient commutating kva capacity to transfer cur- 
plished by other types of frequency changers, the electronic rent from one tube to the next. Where there is no equip- 
type can usually be justified on its advantages of high effi- ment on the higher frequency circuit to produce current 
ciency and wide flexibility. commutation, or if the displacement angle of the current on 

There are at present four installations of electronic fre- the lower frequency circuit is not zero, the converter must be 
quency changers with rating above 5000 kilowatts. Three designed to operate self-excited, 
of the units are used for the conversion of 60-cycle power to 
26-cycle power in industrial plants. The experience gained 

with these frequency changers indicates that reliable eco- ’ VERTER 

nomical operation can be obtained in large electronic fre- An important tyjje of single-conversion electronic fre- 
quency changers. The prospects for improvement of this quency changer is the cycloconverter. When it is operated 



Fia. 23 ‘13 Power circuit of a variable-speed synchronous motor using a cyeloconverter type of single-conversion electronic frequency converter. 


type of equipment in the future arc very good, since as the 
ignitron tube design is improved it may be possible to reduce 
greatly the amount of excitation equipment. 

23-7 SINGLE-CONVERSION ELECTRONIC 
FREQUENCY CHANGER 

In the frequency changers which have been described, it 
has been neceasary to change the a-c power of one frequency 
to d-c power and by inverter operation change the d-c power 
to the new frequency on the output a-c system. With single- 
convei’sion circuits, power is converted from one frequency 
directly to another frequency without any d-c link.^^’ 

The single-conversion type of electronic frequency (thanger 
can be subdivided into cycloconverters, cycilorectifiers, and 
cycloinverters. Application of these types is dependent upon 
frequency ratio and the need for reversibility of energy 
transfer. The cycloconverter is applied where energy must 
flow in either direction; the cyclorcctifier is applied where 
energy flows from the higher frequency circuit to the lower 
frequency circuit; and the cycloinverter is applied where 
energy flows from the lower frequency circuit to the higher 
frequency circuit and under certain conditions for the oppo- 
site direction of power transfer. Each type can either be 
separately excited or self-excited on the power circuit. For 
separate excitation the higher frequency a-c circuit must 


with a higher frequency circuit which has sufficient com- 
mutating capacity, the cycloconverter can supply almost any 
kind of lower frequency load. The direction of energy trans- 
fer can be reversed instantly without changes in the excita- 
tion circuit; the power factor can be either unity, leading, or 
lagging. 

Circtiit Operation 

A typical cyeloconverter circuit is shown in Fig. 23-13, 
where the load is a variable-speed synchronous or induction 
motor. Considering one phase of the output to the motor, 
one group of three tubes is connected as a three-phase conver- 
ter to supply the positive current to the motor, and one group 
of three tubes is connected as a three-phase converter to sup- 
ply the negative current for the motor. The tubes are con- 
trolled so that in one group several input frequency phase 
voltages combine to form half of the output voltage wave. 
Output fretiuency is determined by the number of input 
phases forming the envelope of half the output wave. This 
can be varied to produce a frequency that can be made to 
average any value between zero and some fraction to the 
input frequency. 

There are many variations of the cyeloconverter which 
can be applied to obtain different output voltage w'ave forms 
and special operating conditions. Its most important charac- 
teristic is that both positive and negative groups of tubes are 
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controlled; therefore either group can conduct during any mined by a low-energy commutator, on the shaft of the 


j)eriod. The group of tubes which conduct the current is 
determined by the circuit voltages. If the tubes conduct 
during periods when the higher frequency voltage is in the 
same direction as the current, the tubes then operating as 
rectifiers conduct current, and power flow is from the higher 
frequency circuit to the lower frequency circuit. If the tubes 
conduct when the higher frequency voltage is opposed to the 
current, the tubes then operating as inverters conduct the 
current, and the power flow is into the higher frequency 
circuit. The cylcoconverter can supply loads of any power 



Fio. 23*14 Oscillogram of the voltage and current of a 83 mchronous 
motor supplied by a cycloconverter. 


factor because of its ability to permit the transfer of energy 
instantly in either direction. 

The positive group of tubes must be separated from the 
negative group of tubes by a reactor, because there are 
instantaneous differences in the voltages between the two 
groups. One group of tubes is operating as a rectifier when 
the other group is operating as an inverter. During part of 
the cycle the instantaneous inverter counter voltage is less 
than the rectifier output voltage, and a pulse of current flows 
between the two groups. Because of this circulating cur- 
rent, a reactive current taken from the input circuit is not 
reflected in the output circuit, and therefore does not repre- 
sent any real conversion of energy. The circulating current 
should be kept small by having sufficient reactance between 
the two tube groups, but this reactance should not be great 
enough to reduce appreciably the resultant power factor of 
the load. 

An oscillogram of voltage and current wave forms of a 
typical three-phase to three-phase cycloconverter with a 
variable-speed synchronous motor load are shown in Fig. 
23 • 14. The motor is rated at 250 horsepower at 400 revolu- 
tions per minute and 20 cycles input. The ignition points 
of the ignitrons which conduct the load current arc deter- 


motor; therefore, the applied frequency cannot differ from 
the synchronous frequency of the motor. The speed of the 
motor and its direction of rotation are determined by the 
applied terminal voltage and the angular position of brushes 
with respect to the stator of the motor. The motor can be 
operated as a synchronous machine over its entire speed 
range, through zero frequency, with either direction of rota- 
tion, mthout changes in the power circuit. 

Applications 

The cycloconverter is applied where the frequency ratio 
is as great as about three to one and where power conversion 
in either direction is required. It can be used advantageously 
for interconnecting tw^o electrical systems because of the high 
eflSciency resulting from the single conversion. Variable- 
speed motor drive is probably the most important applica- 
tion, because a dead load can be supplied and a wide fre- 
quency range can be obtained. 

In cycloconverter motor drives the actual output-frequency 
spectrum is made up of a series of ‘^syn(!hronous^' frequencies, 
and in passing from one frequency to another there are beat 
frequencies on the synchronous frequencies. These cause 
pulsations of torque and power. If the mechanical system 
being driven by the motor has critical frequencies within the 
range of the applied torque frequencies, the equipment must 
be designed so that there arc no unusually high amplified 
torques. Power pulsations become more serious as the fre- 
quency ratio is decreased, and to prevent serious disturban(?es 
the ratio should be made not less than two to one or three 
to one. 

23-9 CYCLORECTIFIER 

If the loads on a single-conversion electronic frequency 
changer do not require transfer of energy from the low^er 
frequency circuit to the higher frequency circuit the simpler 
powder and excitation circuits of the cyclorectifier can be 
applied.^®* The lower frequency output of the cyclorecti- 
fier is obtained by controlling one group of tubes to supply 
a pulse of voltage and current during the first half cycle 
with a positive polarity, and controlling the other group of 
tubes to supply a pulse of voltage and current during the 
other half cycle with a negative polarity. Current in the 
group of tubes must have a displacement of nearly unity on 
the output voltage, otherwise current continues to be con- 
ducted in the last tube of each half cycle. If this current 
continues for more than one input phase, a circuit fault is 
produced. 

If the load requires no displacement reactive kva, the 
cyclorectifier can be separately excited, that is, with no 
power-factor-correcting capacitors on the lower frequency 
output. If a load with lagging power factor is to be supplied, 
some provision must be made to bring the current on the 
cyclorectifier to unity displacement factor by either a rotat- 
ing synchronous condenser or static capacitors. With either 
separate or self-excitation, the cyclorectifier is never able to 
convert energy from the lower frequency circuit to the higher 
frequency circuit. 

The cyclorectifier type of a-c to a-c electronic frequency 
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changer has been applied to the conversion of 60-cycle power 
to 16^ cycle power for railway use in Europe.®* In this type 
of service, conversion from three-phase to single-phase is 
required. Some form of energy-storage equipment, to pro- 
vide a steady power flow on the three-phase side with pul- 
sating power on the single-phase output, is desirable. A 
typical circuit with a multianode mercury-arc rectifier is 
shown in Kg. 23-15. 

23 10 CYCLOmVERTER 

If the transfer of energy is only from an a-c supply circuit 
to an excited a-c system, the cycloinverter type of operation 
should be selected. The supply-circuit frequency may be 
lower or higher than that of the system receiving power. The 
power circuit is about the same as for the cyclorc(5tificr. To 
obtain a wide range in the ratio of the supply-circuit voltage 
to the receiving system voltage a reactor may be connected 
between the two groups of tubes in each supply-frequency 
phase, as in the cycloconvcrter. 

The characteristics of the cycloinverter arc determined by 
its excitation equipment. The tubes are controlled only by 
the system receiving power and are released only during the 
portion of the cycle in which a-c voltage is opposed to the 
flow of current. Each tube is thus released every cycle at 
an inverting angle. The impressed voltage of the power 
source then forces load current through the correct group of 
tubes against the counter voltage of the receiving system, 
causing energy to be transmitted to the receiving system. 
The conversion is entirely asynchronous, and the ignition 
angles are not modulated. 

Separately excited (?ycloinvertcrs have not been used com- 
mercially, but experimental units have been operated suc- 
cessfully. One application is with a wound-rotor induction 
motor to obtain variable speed. The cycloinverter is con- 
nected so that it returns energy from the rotor to the a-c 
input line. This type of variable-speed drive may have a 
low line power factor at high motor speeds. 

23-11 SELF-EXCITED CYCLOINVERTER FOR 
INDUCTION HEATING 

The most important application of the cycloinverter is for 
conversion of power from commercial frequencies to rela- 
tively high frequencies for induction heating.®’’ The cyclo- 
inverter is operated self-excited, usually by adding capacitors 
to the powcr-factor-correcting capacitors on the single-phase 
load. To obtain somewhat better control of the tube addi- 
tional capacitors may be used on the primary of the higher 
frequency transformer. 

Frequency Limits 

The upper frequency limit of the cycloinverter is deter- 
mined by the control characteristics of the gaseous tubes and 
the control circuits. Deionization time of the tubes depends 
upon spacing of tube electrodes, vapor density, current 
density, and some minor factors. The rate of decay of ioniza- 
tion can be partly controlled by special tube design, but it 
usually is between 60 and 100 microseconds. With the 
parallel-capacitor inverter the margin angle usually cannot 


be made greater than about 45 electrical degrees; therefore, 
the output frequency is limited to some value between 1000 
and 2000 cycles per second. By reducing the tube load cur- 


50 CYCLE SUPPLY 



Fio. 23- 15 Single-con version electronic frequency converter circuit 

which hiuj been used in railroad sub-stations for a-c electrification. 

rent below its rated capacity, operation at somewhat higher 
frequencies is possible, but the limit is about 3000 cycles per 
second. 

Circuits 

One methtxl of obtaining power at relatively high fre- 
quency by means of gaseous tubes is to invert d-c power by 
means of a two-tube self-excited inverter, but this method 
has the disadvantage that d-c power is required. With a 
cycloinverter circuit, power can be taken directly from the 
commercial power system. (See Fig. 23 • 16.) The load taken 
from the supply circuit is similar to that taken by a three- 
phase rectifier, because the d-c reactor usually has sufficient 
inductance to keep the high-frequency load current from 
being reflected into the input circuit. 

In the cycloinverter the tubes operate in pairs on the input 
phases, so that each tube must be able to conduct during 
120 electrical degrees of the input-frequency cycle plus the 
commutation angle for the input transformer. The current 
is commutated between the two tubes at the high-frequency 
rate by the parallel capacitor. After another phase of the 
input transformer becomes most positive, the pair of tubes 
on that phase start conducting current. The pairs of tubes 
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continue to conduct the current and commutate to the next 
pair so that a constant current is maintained in the d-c 
circuit. 

High-Frequency Ignitrons 

To supply power ratings required for 1000- to 2000-cycle in- 
duction heating, melting, and forging, ignitrons or pool-cath- 
ode tubes are necessary. With ignitrons the cathode must 
not carry a continuous load arc or excitation arc, for the 
mercury pool is not insulated from the tank wall, and cathode 
spots forming on the wall of the tube may erode the steel 

60 CYCLE 
SUPPLY 
TRANSFORMER 




FURNACE 

LOAD 

Fio. 23-16 Induction-heating cycloinverter power circuit using igni- 

iron tubes. 


wall. The cycloinverter type of circuit is used because it is 
not necessary to hold a continuous d-c arc. The ignitor can 
be fired on the input frequency with the grids controlling the 
output frequency. 

For a given rating it is desirable to operate at as high a 
tube voltage as possible so that the tube current can be re- 
duced and a shorter deionization time can be obtained. 
Several factors prevent the use of voltages above about 
15,000 inverse or forward. Sputtering of the anode because 
of positive-ion bombardment of the anode surface is one of 
these. The best method of overcoming this is to design the 
tube with close spacings around the anode, and to use two or 
more graphite grids with small holes. 


Operation Characteristics 

The gaseous-tube cycloinverter can be used on almost any 
type of load if capacitors are employed to correct the dis- 
placement factor of the load current to slightly leading. With 
induction-heating furnaces the grids are best supplied from 
the high-frequency output. The frequency then is deter- 
mined by the resonant frequency of the load circuit. With 


an induction furnace load, the resonant frequency changes 
as the temperature of the charge passes through the Curie 
point. If the frequency is to be held about constant, the 
number of capacitors can be changed to maintain approxi- 
mately a constant resonant frequency; or, if close control is 
required, the grids of the gaseous tubes can be supplied by a 
separate vacuum-tube oscillator to establish the cycloinver- 
ter frequency. 

23-12 D-C TRANSFORMER 

Power can be transformed from a d-c circuit of one voltage 
to another d-c circuit with a higher or lower voltage by 
means of a frequency converter of the types described, except 
that the arrangement of the circuit components is changed. 
Instead of rectifying power from one a-c circuit, then invert- 
ing into another a-c circuit (as in the frequency changer), 
direct current is inverted to alternating current, and the 
required a-c voltage is then rectified to obtain the desired 
d-c voltage. 

The practical need for the electronic d-c transformer has 
been limited, and no large power converters have been 
operated for any extended period of time. Low-power d-c 
transformers have been used for various purposes, but most 
of these were laboratory installations. Investigations have 
been made into the possibility of having electronic d-c trans- 
formers on railroad locomotives so that a high d-c voltage 
might be used on the trolley and a much lower d-c voltage on 
the motors, but the method is not attractive because of the 
large amount of conversion equipment required. 

23-13 D-C TRANSMISSION 

The practicability of high-voltage d-c power transmission 
is dependent upon the development of inverters of large 
capacity and the perfection of high-voltage mercury-arc 
tubes. Requirements for d-c transmission have been dis- 
cussed for many years, and optimistic predictions have been 
made, but few have come tnie.^ The most important tech- 
nical obstacle has been the development of inverters. 

The greatest advantages of d-c transmission are the in- 
crease in power which can be transmitted over a given line 
and the elimination of the stability problems. Power capac- 
ity can be increased, because for a given line insulation the 
d-c voltage can be equal to the crest value of the a-c voltage, 
and higher currents can be carried by some conductors, such 
as cables. 

Constant-Current Circuit 

Some of the early investigations of d-c transmission were 
based on d-c circuits with constant current and variable 
voltage to reduce disturbances caused by tube faults.^® It 
now is agreed generally that the disadvantage of the large 
amount of reactor and capacitor equipment required for 
constant current is too great to be justified by the improve- 
ment in performance. 

Constent-Voltage Circuit 

Constant-voltage transmission equipment requires a cir- 
cuit similar to the d-c link electronic frequency changer 
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except that the rectifier is at the sending station of the trans- 
mission line, and the inverter is at the receiving station, and 
the two stations are several hundred miles apart. The cir- 
cuits actually should contain many more converters in series, 
so that a d-c voltage of several hundred thousand volts can 
be obtained.2^ As many as 24 tubes in series may have to be 
used. 

With large installations of rectifiers operating in parallel 
many phases are necessary to improve the wave forms of 
the currents in the a-c systems and to reduce the harmonics 
of voltage and current in the d-c circuit ; otherwise telephone 
interference and other inductive co-ordination problems may 
result. The total effective number of phases should be at 
least 36 on a large installation. In many installations this 
may be a limiting factor which determines the maximum 
rating allowed for one rectifier or inverter circuit clement. 

Commutation on Receiving A-C System 

One fundamental obstacle to the development of d-c 
transmission is the problem of obtaining commutation on 
the receiving end. Operation of the inverter is dependent 
upon a resultant transformer current leading the voltage by 
a displacement angle of about 30 or 40 degrees. If a lagging 
power-factor load is to be carried, capacitors or synchronous 
condensers must be provided to supply the lagging reactive 
kva required by the load and the inverter. 

The receiving a-c system may not have any generating 
eepupment of its own, and therefore it may be difficult to 
establish voltage patterns to supply a dead load. The best 
method of overcoming this difficulty is to start with light 
loading and have some of the inverters self-excited. 

Forced commutation has been considered, but has not 
been worked out practically. Even the development of 
gaseous tubes with grids and grid circuits that could stop the 
current suddenly would not completely solve the problem, 
because capacitors will still be required to prevent abnormal 
circuit voltages. Special circuits to allow the inverter to 
carry a load with lagging power factor do not reduce the 
total amount of equipment required. 

Application 

There are certain power-transmission requirements which 
tend to make d-c transmission more favorable. Since the 
great saving with d-c transmission is in the construction cost 
of the line itself, the application must require great trans- 
mission distances and large blocks of power. lOconomic 
studies indicate that in the United States the power to be 
transmitted must be greater than 30(),00() kilowatts at dis- 
tances greater than 300 miles before d-c transmission can be 
expected to have any advantage over a-c transmission.-* 
Conditions in Europe in 1939 indicated that for 400,000 kilo- 
watts the distance beyond which d-c transmission would 
have been more economical was from 250 to 300 miles.^ 
The d-c voltage to ground should be at least 300,000 volts. 

If a typical d-c transmission line were to be constructed, 
on the basis of present economic relationships twelve con- 
verter units, each consisting of a six-phase double-way cir- 
cuit with a d-c voltage rating of about 50,000 volts, might be 
required. The midpoint of the series could be grounded, 
and a transmission line with two conductors at 300,000 volts 


to ground and 600,000 volts between conductors would 
result. The conductor should have a current-carrying capac- 
ity of about 800 amperes. Such a transmission line would 
have a rating of 480,000 kilowatts. 

A factor that tends to make d-c transmission more favor- 
able is the interconnection of two existing power systems 
with different frequencies. The d-c transmission link would 
allow for frequency changing and make a flexible tie between 
the two systems. 

Use of cable for the transmission line would make d-c 
transmission more desirable for shorter distances and at 
lower power. The higher cost of cable would limit these 
applications to transmission lines in which special climatic 
conditions, terrain, or strategic requirements must be over- 
come. 

Faults 

Faults on a d-c transmission line are of two types: those 
caused by short circuits on the line itself; those caused by 
the tubes. Most line short circuits would be caused by 
lightning, and with d-c transmission there would be little 
possibility of the arc clearing itself. There is some evidence 
to indicate that d-c transmission lines can have good arc- 
extinction characteristics.*® The best results are obtained 
wth an ungrounded midpoint, but the additional insulation 
required probably cannot be justified. 

Faults caused by arc-backs of the rectifier tubes and arc- 
throughs of the inverter tubes are not so severe as a com- 
plete short circuit on the transmission line; however, with 
the large number of high-voltage tubes involved it will be 
necessary to obtain tubes that have a low fault rate. Igni- 
trons for inverse and forward voltages up to 20,000 volts 
have high arc-back rates compared with low-voltage tubes. 
Since there are no fundamental limitations on the design of 
high-voltage tubes, tube design will not be the type of limita- 
tion which would prevent the eventual perfection of d-c 
transmission. 

In a d-c transmission system the faults would be cleared 
by means of arc-quenching of the t\ibes so that the fault 
would be cleared in a short time and power flow could be 
restored in a matter of a few cycles. Usually the fault can 
be cleared in such a short time that no disturbance can be 
noticed. 
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RADIO-FREQUENCY HEATING* 

D. Venable and T. P. Kinn 


INDUCTION HEATING 

R otating machines supply induction heating power 
at frequencies up to 30,000 cycles per second and 
with power outputs up to several thousand kilo- 
watts, with the exception that machines with frequencies 
above 10,000 cycles per second are limited in output. One 
rather new source of power for induction heating is the mer- 
eury-arc frequency changer, which pnxluces frequencies as 
high as 3000 cycles per second. Its frequency depends upon 
the number of phases used and the deionization time of the 
mercury arc. 

Spark-gap oscillators are used for frequencies from 20,000 
to 400,000 cycles per second. They are used for heat treat- 
ing, surface hardening, brazing, and soldering. Power out- 
puts as high as 35 kilowatts are available commercially, but 
the spark-gap oscillator’s efficiency varies from about 50 per- 
cent under normal operating conditions to about 15 percent 
under poor conditions, depending upon the type of load, the 
method of coupling to the load, and the conditions of the 
spark gap. Badly burned gaps very seriously decrease the 
oscillator’s efficiency. 

The vacuum-tube generator can be used for frequencies 
from about 100 kilocycles to several megacycles per second 
for induction heating,® with power output ranging from a 
few hundred watts to several hundred kilowatts. For thin 
casehardening, these higher frequencies arc better than the 
lower frequencies produced by rotating machines. General 
induction heating for soldering, brazing, surface hardening, 
and annealing can be done with vacuum-tube generators 
ranging in frequency from 200 kilocycles to about 500 kilo- 
cycles. A few special induction-heating operations are done 
at about 15 megacycles per second. 

DIELECTRIC HEATING^ 

Dielectric heating usually is done in the frequency range 
from 1 to 200 megacycles per second. Only low power out- 
put, perhaps several hundred watts, can be produced now 
in the upper frequency range. Most of the high-power 
generators now in use operate at frequencies from 1 to 50 
megacycles per second. This high-frequency heating is use- 
ful in drying processes, such as the drying of rayon, wood, 

* The material in this chapter has been reproduced with permission 
from Radio Frequency Heating FundamentedB and Applications — Instruc- 
tor's Manual^ copyrighted by Westinghouse Electric Corporation, 
Pittsburgh, Pa., 1946. 


paper, and tobacco. It is used also in stress-annealing 
textile fibers, and gluing and bonding of woods and fabrics 
are ai^celerated by application of dielectric heat. In the 
plastic industries, dielectric heating is used to preheat plastic 
preforms, and to cure or set molded plastic products. 

24*1 VACUUM-TUBE OSCILLATORS 

The theory of operation of power oscillators has been dis- 
cussed in Chapter 17, therefore no mention of operational 




Fiq. 24*1 Common oscillator circuits. 

theory is made here. Several types of oscillator circuits are 
in common use. The circuits are almost identical; the only 
prime difference is in the method of feedback used to drive 
the tube. Each circuit contains elements so constructed and 
connected that they can store energy. This is the ‘‘tank” 
of an oscillator consisting of a parallel tuned circuit. 
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Methods of feedback are shown in the diagrams of three 
circuits ^ in Fig. 24 1. 

The diagram of a standard industrial 20-kilowatt 10-mega- 
eycle generator is shown in Fig. 24*2. 



Fio. 24 • 2 Typical 20-kilowatt 10-mcgacycle generator circuit diagram. 


even higher frequencies, capacitors may act inductively. 
Capacitors not specifically designed for high-frequency work 
may suffer voltage breakdown or overheating. 

Another frequency limitation is caused by stray reactances. 
Stray inductance and capacitance may seem rather insignifi- 
cant under d-c conditions, but at very high frequencies they 
possess reactances that very often impose an upper limit on 
the frequency at which they may be used. 

Aside from the difficulties of generating high-frequency 
currents, the most important of the other problems that 
must be considered is the transmission of high-frequency 
energy. As wavelength becomes comparable to the distance 
of separation of the conductors of a transmission line, the 
theory of transmission lines generally used must be modified. 
In the decimeter and centimeter range of wavelengths, wave 
guides must be used as transmission lines. Coupling a load- 
impedance transforming network to such a line introduces 
more problems. 


Frequency and Power Rating 

From the manufacturer’s point of view there are basic 
limitations upon the frequency and power output of high- 
frequency electronic generators. Even vacuum tubes used 
in high-frequency generators are limited in frequency. For 
example. Fig. 24*3 illustrates the permissible input power 
and plate voltage as a function of frequency for a tube com- 
monly used in high-frequency-heating generators. 

Some of the frequency-limiting features in high-vacuum 
power tubes are: (1) interelectrode capacitance; (2) induct- 
ance of internal leads and filament strands; (3) dielectric 
losses in insulating material within the tube; (4) electron 
transit time; (5) electron loading of the grid. 



However, the vacuum tube is not the only component 
that is limited by frequency. Metering high-frequency cur- 
rents is a serious problem in the megacycle range of fre- 
quencies. Commercial capacitors are frequency-limited. 
Like other electrical components at high frequencies, a 
capacitor becomes resonant at some particular frequency, 
and no longer acts as a capacitor but as a resistance. At 


Symptoms of Various Loading Conditions 

The vacuum tube as a generator of high-frecjuency cur- 
rents, having a high internal impedance, should feed into a 
high-impedance load. Most loads in high-frequency induc- 
tion heating have low resistive components, and their im- 
pedances arc often relatively low. To overcome this disad- 
vantage, and at the same time introduce a device which 
serves as a frequency-governing clement for the generator, 
a parallel tuned circuit is utilized.® Some fundamental 
properties of a parallel tuned circuit are its current-amplify- 
ing properties and the flywheel effect of its circulating kva. 
This current-amplifying property may be interpreted as 
being an impedance-transformation property. The fly- 
wheel effect is that property which governs the frequency of 
the generator and its ability to maintain oscillations. 



At unity power factor, a parallel tuned circuit acts as a 
pure resistance much larger than the resistance in the circuit. 
This apparent high resistance can be shown, with the aid of 
Fig. 24 -4, to be 

R R^ + 

Ra^ (24-1) 




R 


where Ra — apparent resistance of tuned circuit in ohms 
R — resistance in ohms in series with inductance L 
C « tuning capacitance in farads 
L = inductance in henrys 
« ■» 2ir X frequency (cycles per second). 
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With little error for inductors with an over-all power factor 
less than 0.1, equation 24- 1 can be reduced to 

Ra = -~ (24-2) 

it 

If the peak tank voltage is approximately 80 to 85 percent 
of the d-c plate voltage the oscillator tube operates most 
efficiently, and if circuit losses are kept at a minimum over- 
all oscillator efficiency may be from 50 to 60 percent. 

For a given tank Q, the ratio of circulating kva to kilo- 
watts supplied to the tank circuit, the tube feeds into an 
apparent resistance as given in equation 24*1. For proper 
operation, this tank Q must be maintained as designed. 



Fig. 24 ‘5 Commercially available radio-frequency generators. 


Therefore, if the tank voltage and Q arc maintained as re- 
quired, the tube supplies constant power to a constant load 
of Ra ohms. 

It is well to note the conditions of operation that occur in 
an oscillator with changing load. If the resistive component 
R of the tank circuit is increased by increased coupling to a 
load, the tank Q is lowered, the apparent resistance into 
which the tube feeds is decreased, plate current increases, 
and grid and circulating tank currents decrease. Con- 
versely, if the load is decoupled, reflected resistance R is 
decreased, tank Q is increased, apparent resistance into 
which the tube feeds is increased, plate current decreases, 
and grid and circulating tank current increase. 

The tank Q is arbitrarily selected, but not without con- 
sideration. In general, loaded tank Q^s range from 30 to 50 
for commercial oscillators. Design and economic reasons 
govern the selection. Since the tank Q is the ratio of circu- 
lating kva to kilowatts supplied to the tank, a high Q implies 
high tank current. This current introduces circuit losses 
which must be dissipated satisfactorily or damage may 
result. Some tanks are water-cooled and usually are de- 
signed with a higher Q than air-cooled tanks intended to 


handle the same kilowatt rating. One of the economic 
problems facing the designer is the effect tank Q may have 
upon the over-all efficiency of the generator. Still another 
consideration is the application of the generator. This is 
both a design problem and an economic problem. The 
design problem is that of supplying power to a high-Q load. 
For example, if the load Q and the Q of the unloaded tank 
Avere comparable, then only about half of the oscillator^s 
rated output could be supplied to the load, the remainder 
being lost in the oscillator tank and on the plate of the 
oscillator tube. The economic problem is evident. 

For special cases, very high-Q tanks have been used and 
are now becoming commercially available. Some of these 
tank Q*h range as high as 300 or 400 under load. Most of 
such tanks consist of pseudocavity resonators. In oscilla- 
tors having high loaded tank Q^s, the generator can be 
loaded with high-Q loads more satisfactorily, if it is assumed 
that the oscillator can be coupled to the load properly. 

The rated power output of the set is not available to all 
types of loads. Loads of high Q limit the power that can be 
supplied to them. 

Standard generators for high power are available as indi- 
cated in Fig. 24 • 5. This figure is not complete but is used 
to show the available power and frequency of present-day 
radio-frequency generators. 


24-2 INDUCTION-HEATING THEORY 

An electromotive force is induced in any conducting mate- 
rial in a changing electromagnetic field. If the conductor 
offers a complete path for the flow of current, the induced 
electromotive force produces a current along this path. In 
overcoming the resistance of the path work is done, and this 
work appears as heat. 


Field Equations ’ 

In attempting to explain the phenomenon of induction 
heating as a function of the induced voltages and currents, 
it seems in order to mention two very powerful tools. One 
of these is Ampere^s law, which states that the work done 
in carrying a unit magnetic pole around a closed path across 
which an dectric current is flowing is ecjual to 0.47r times the 
current, llie other tool is that given by Faraday. Fara- 
day’s law states that, if the flux of induction through a closed 
path varies with time, an electromotive force equal to the 
time rate of decrease of flux is induced. These two laws 
lead to the so-called field equations which may be written in 
their vector form: 

curl H = OAtJ 


curl E = /xlO""® 


dH 

dt 


(24.3) 


H is the vector magnetic field in oersteds, J is the vector 
current density in amperes per square centimeter, E is the 
vector electrical field in volts per centimeter and is assumed 
to be equal to the product of the resistivity p in microhm- 
centimeters, current density J, and 10“^. The permeability 
of the material is expressed as a numeric p, and SR/dt is the 
time rate of change of the magnetic field H. 
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An equation describing the distribution of current induced 
in a conducting medium by a harmonically changing mag- 
netic field can be derived from these equations. This is the 
so-called eddy-current equation and is represented by the 
liRplacian 

V2j=y-~^X10-‘3J (24.4) 

P 

in which the units have l)een previously defined. Most of 
the heat generated in a conducting body in a changing mag- 
netic field is the heat genemted by the flow of eddy currents; 
therefore only a small portion of the total heat is attributed 
to hysteresis. 

Hysteresis Loss 

Iron obeys the same laws of magnetic hysteresis at fre- 
quencies as high as 200 kilocycles per second as it dcxis at 
commercial frequencies. The hysteresis-loss equation ol>- 
tained empirically by Steinmetz is only an approximation 
for many steels: 

P = (24-5) 

in which 17 is a constant depending upon the steel and vary- 
ing from 0.0002 for such magnetic materials as some special 
magnetic steels to 0.005 for soft steels or 0.075 for tool steels. 
For average steels 17 may be considered to be 0.005. The 
constant / is expressed in cycles per second, and Bm is the 
maximum flux density in gauss. If equation 24*5 is ex- 
pressed in watts per cubic inch, the variables as defined 
being used, 

P * 1.64i 7/B,„^ ® X 10”^ watt per cubic inch (24*6) 

This hysteresis loss may seem large, especially if the fre- 
quency is high, but the penetration of flux into the work 
usually is small. This shallow penetration is attributed to 
the shielding effect of eddy currents. Flux is assumed to 
vary linearly from a maximum at the surface to a depth 
Actually it varies exponentially, dropping off rapidly with 
distance from the surface. Hysteresis loss is small as long 
as the depth of penetration of flux remains small compared 
with the dimensions of the work that are perpendicular to 
the magnetic field. 

Skin Effect ^ 

Skin effect is the diminishing of current density from the 
surface to the interior of a conductor carrying alternating 
current. To visualize this effect mathematically in its 
simplest condition a harmonically varying magnetic field 
above an infinite conducting plane is assumed. The condi- 
tions thus imposed facilitate the use of equations 24*3 to 
examine the current distribution in the region at and below 
the surface of this infinite conducting plane. 

The solution for an alternating magnetic field becomes 

Jx * (24-7) 

where Jx represents current density at any point x units of 
distance below the surface of the plane, and Jo is current 
density at the surface of the plane. The first exponential 
term represents the decrease of magnitude of tKfe current 
density J, as the distance from the surface increases. The 
second exponential term describes the phase relation be- 


tween the current on the surface and the current at any 
distance x from the surface of the plane. 


Depth of Penetration 

Figure 24*6 illustrates the decrease in amplitude of cur- 
rent density as the distance from the surface increases. 
Where exponent ax becomes unity the current has fallen 
to l/€ or approximately 37 percent of the surface-current 
density. The depth to which this corresponds is defined as 
the depth of penetration of the current. This means that the 



Fki. 24*6 Current decay and phase shift. 


term a of the first exponent is equal to the reciprocal of the 
depth of penetration. That is, the depth of penetration may 
be defined by 


and 



centimeters 


inches 


(24*8) 

(24.9) 


where 5 = depth of current penetration 

p = resistivity in microhm-centimeters 
M = relative permeability 
/ == frequency in cycles per second. 


The phase shift relative to the distance from the surface 
of the slab also is interesting. Figure 24*6 indicates the 
shift of phase of current as the distance x is changed. 

When the depth below the surface becomes equal to 5 the 
phase shift is equal to 1 radian, and Fig. 24-6 shows that at 
a distance from the surface little greater than b there is a 
current component opposite in phase to that at the surface 
of the conductor. However, since there is so little current 
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in the region x > d, this 180-degree phase shift has almost 
no effect. 

The depth of penetration 8 is that depth to which the total 
induced current could flow uniformly and produce the same 
heating effect as the current expressed by equations 24-4 
and 24*7. Thus equations 24-8 and 24-9 define the effec- 
tive cross section of a conductor of unit width carrying alter- 
nating currents with pronounced skin effect. 

Heating Solid Cylinders 

Assume that a cylinder is in a uniform electromagnetic 
field, with its axis parallel to the field, and consider an outer 
shell of radius r and thickness dr (Fig. 24*7). Let II be the 


power generated in the cylinder can be determined by adding 
the power generated in each elementary shell from zero 
radius to radius r = a, the outside radius of the cylinder. 
To perform this addition exactly, equation 24 ‘14 is inte- 
grated with respect to r between the limits r = 0 and r = a. 
This giv^es an equation for the power generated in a cylinder 
of unit length. In terms of power generated per unit volume, 
the integral of equation 24 • 14 becomes 


where 


= ^IIo^fifGima) X 10 ^ 


(24 16) 


1 [ b€r{ma)ber\ma) + bei{ma)bei'(ma) 

G{ma) = — 

ma L ber^(ma) + bev{ma) 





Ficj. 24-7 Flux distribution in a solid conducting cylinder. 

magnetizing force and J the current density at radius x 
(Fig. 24 •7). The total flux within the cy linder of radius r is 



= 2nfi I IIx dx 


(24*10) 


The permeability m is assumed to be a constant.® This is 
not always true and is discussed later in more detail. 

An electromotive force induced in the elementary shell is 
equal to the negative time rate of change of the flux 4> and is 


dE = -2irM X 10' 


dll 

X - - dx 

[) ^t 


(24*11) 


where 


dm 1 dH 

jm^H = 0 




(24*13) 


//o ~ //\/2 == peak magnetizing force (oersteds) 

The product rna has an important relation to the depth of 
penetration 8 and the diameter of the cylinder rf, 

= (24-16) 

Avhere d and 8 have the same dimensional units. The product 
tm is a pure numeric. Thus the power equation may be 
rewritten : 

^ //„ VG 0 X 10-" (24 • 17) 

Figure 24*8 shows G{d/8) as a function of d/8. The func- 
tion G(d/8) is a maximum when d/8 = 3.5. In this region 
the power absorbed by the cylinder is maximum for a given 


Therefore the current in a unit length of this elementary 

shell is . 

u r dll 

/ = “ X IO-Mj: — dx (24*12) 

rp Jq di 


From equations 24*3 the current density in this shell is pro- 
portional to the negative time rate of change of magnetizing 
force H. Since sinusoidal variation of magnetizing force is 
assumed, a differential equation defining the flux distribu- 
tion within the cylinder can be derived from the preceding 
equations. This equation is 



4 5 

d/6 


The solution of this equation is used to define the current 
around the cylinder at any radius r. Thus the power gen- 
erated in any elementary cylinder of radius r becomes simply 

P . (24.14) 

87rilfo^(ma) 


where Mi{mr) and Mo(^na) are particular Bessel functions 
of the arguments mr and ma respectively. Now the total 


Fig. 24*8 G{d/6) function curve. 

frequency. For d/8 < 3.5 the slope of the G(d/8) curve is 
too steep for favorable energy absorption from the mag- 
netic field. The frequency for d/5 = 3.5 is not critical, since 
the curve in this region is not sharp, and any frequency for 
d/5 ^ 3.5 is satisfactory for heating cylinders, provided coil 
voltage and current limitations are not exceeded, and also 
provided stray reactances are not excessive. 

For d/5 ^ 14, the function G{d/8) is almost coincident 
with the curve G{d/8) = 5/d. Then for practical purposes 
the power-density equation simplifies to 

1 5 

Pv = “ X 10 ^ watt per cubic centimeter (24*18) 
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of current penetration) can be computed from this equation: 


5.\5f^td^pHo^ X 10-® 
p2"+ X 10^ 


(24-27) 


where Pa is the required power density in watts per square 
inch, p is the arithmetical mean resistivity over the heating 
cycle in microhm-centimeters, and the other quantities are 
as previously defined. 

Sometimes cylindrical hollow loads are to be heated at a 
low frequency; however, the required peak magnetizing 
force Ho usually is high, which implies that large current is 
required to obtain large values of Hq. Large current usually 
causes large coil loss and therefore reduces coil efficiency. 


From this equation, as from equation 24 • 13 for flux distri- 
bution within a cylinder, the magnetizing force can be deter- 
mined at any point x within the material as a function of the 
magnetizing force at the surface. Thus distribution and 
magnitude of induced current densities can be found. An 
equation analogous to equation 24-15 can be derived for 
power density in walls per cubic centimeter as a function of 
surface magnetizing force, thickness of the strip, frequency, 
and electrical properties of the load material. 

Pv = W^^fG{kl) X 10-^ (24-31) 

where 

^ 1 Fsinh kt — sin /rH 

G{kt) = — 

2kt Lcosh kt + cos ktj 


Heating Slabs 

Suitable equations for power absorbed and proper mini- 
mum frequency for strips or slabs can be derived from 



Fig. 24 • 10 Flux distribution in a solid conductin)^ slab. 


equations 24-3. If the depth of penetration of the magnetic 
flux, which obeys the same exponential law as the current 
penetration, is large in comparison with the thickness of the 
strip (that is, if flux density is fairly uniform throughout the 
cross section of the load) the calculation is the same as for 
transformer laminations. 

The thickness is assumed to be much less than the width 
of the slab so that no appreciable power is absorbed by the 
edges. If an infinite-plane conductor is assumed to be placed 
in a uniform magnetic field 7/, currents arc induced in the 
conductor according to equations 24 • 3. Figure 24 - 10 shows 
that equations 24-3 reduce to 


and 


dH, 

dx 


— 0.47r/y 


(24-28) 


dEy 

dx 


-M X 10“® 


dH, 

dt 


(24-29) 


By substituting Ey » pjy X 10 in these equations and 
rearranging them, a single differential equation may be 
derived to define the magnetizing-force distribution within 
the slab: 


fH, 

dx^ 


4ir/x - 

X 10~^ 

P 


dH, 

IT 


(24-30) 


k^ = ^ X lO"”*^ 


Ho = Hy/2 = peak magnetizing force in oersteds 

In equation 24-31, kt also bears a relation to the depth of 
penetration 6: 

kt (24-32) 

where t = thickness of slab 

8 = depth of penetration. 


Both t and 8 are in the same units; that is kt is also a pure 
numeric. Thus equation 24-31 becomes 

I\ = ^ //o VG (^) X 10-" (24-33) 

Figure 24-11 shows G(t/8) as a function of t/8. The 
function G{t/8) is a maximum when t/8^2,5. In this 
vicinity the power absorbed is a maximum for a given fre- 
quency. As for a cylinder the slope of the G{t/8) curve to 
the left of the maximum G{t/8) is too steep for optimum 



heating. However, the G(t/8) curve in the region of 
t/8 2.5 is satisfactory for heating slabs in an alternating 

magnetic field. 

For t/8 > 10, G{t/8) may be replaced by the curve 
G{t/ 8) = 8/2ty and the power-input equation reduces to 

Ho^pf X lO-^ (24 • 34) 

4/ 

To express power density in watts per cubic inch the 
right-hand side of equation 24-34 should be multiplied by 
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16.4. To I'cduce equation 24*34 even further, substitute The arithmetical mean resistivity over a given heating 


the value I.OsVp/m/ for 3 given in equation 24*9. This 
tecomcs the fundamental equation for inductively heating 
a strip or slab; 

\/ npf 

Pv = 8.15 X 10“ W (24-35) 

t 

For non-magnetic material p = unity. 

If the value of n defined by equation 24*21 is substituted 
in equation 24*35, the resultant equation describes the 
heating of magnetic steel slabs or sheet and is analogous to 
equation 24*22 for heating steel cylinders; • 

= 1.37 X (24*36) 

where Pv = power density in watts per cubic inch 
Ho = peak magnetizing force in oersteds 
p =* arithmetical mean resistivity of load over the 
heating cycle in microhm-centimeters 
/ = frequency in cycles per second 
t = thickness of sheet or slab in inches. 

Because of the limitations imposed upon the preceding 
equations if t/6 ^ 2.5, there is a minimum frequency range 
below which it is not advisable to apply the derived formulas. 
Therefore, let t/B = 2.5, with G(t/B) a maximum. The 
permeability-frequency product now becomes 

m/„ = 20.7^ (24-37) 

where /n = minimum frequency in cycles per second 

p =* maximum resistivity in microhm-centimeters 
t = thickness of strip in inches 
p = permeability. 

If the strip is magnetic and if the permeability is assumed to 
be as defined by equation 24*21, equation 24*37 can be 
altered to define the minimum frequency in terms of power 
density, load thickness, and load electrical properties. This 
approach is similar to that used in obtaining equation 24*26. 

Vp7p 

/„ = 0.38— — (24-38) 

where /m, <, p, and Pv are as previously defined. 

The use of frequencies lower than that indicated in equa- 
tion 24*38 causes heating that does not obey the power equa- 
tions given in equations 24*35 and 24*36 for iron cylinders 
and slabs. 

If power density is expressed in watts per square inch 
instead of watts per cubic inch, the resulting equations are 
even simpler than those defining the volume-power density. 
For the cylinder and slab the equations are the same. Thus 
for the non-magnetic load 

Pa = 4.07 X IQ'^^Ho^y/ iipf watts per square inch (24 *39) 
and for the magnetic load 

Pa = 6.87 X watts per square inch^ (24*40) 

These equations are useful for loads with odd shapes. 


cycle is used in equations 24*33, 24*35, 24*36, 24*39, and 
24*40; maximum resistivity is used in equations 24*37 
and 24*38. The reasons are the same as for heating 
cylinders. 

Proximity Heating 

If the equations for power absorbed by the load are rear- 
ranged to give required peak magnetizing force in oersteds, 
the required coil turns and dimensions can be calculated. 
Now, however, suppose that the load cannot be heated by 
placing it in a solenoid; it must be heated by proximity 
healing^ that is, by placing it in the field of a current-carrying 
conductor. 

The field at any point near a filamentary current-carrying 
conductor not influenced by a conducting body is 

I 

//o=l.ll- (24*41) 

r 

where Ho = peak magnetizing force in oersteds 
I = conductor current in amperes, rms 
r = radial distance from filamentary conductor to 
point in question in inches. 


This is illustrated in Fig. 24 *12. 



Fig. 24*12 Magnetic field at a point in space near a filamentary 
current-carrying conductor. 

Now let an infinite slab of conducting material be brought 
into the field produced by the filamentary current-carrying 
conductor. An image effect is produced so that, if the depth 
of current penetration is small compared with other dimen- 
sions, the field component at the surface and parallel to the 




Chapter 24 


Induction-Healing Theory 


383 


surface at any point a given distance r from the current- 
carrying conductor is 

//o = 0.222^^^^ (24*42) 

where h =* effective distance from the filamentary conductor 
to surface of infinite slab in inches 
X = distance along surface of slab normal to axis of 
filamentary conductor in inches 


and Ho and I are as defined before. 

Figure 24 • 13 illustrates this magnetic field distribution as 
a function of x for various values of parameter A. For close 



Fig. 24 • 13 Magnetic field at the surface of a p.anc conductor parallel 
to a filamentary current-carrying conductor. 


coupling the magnetizing force becomes high just beneath 
the current-carrying conductor. The heating effect varies 
in a comparable manner, depending upon whether the load 
material is magnetite or non-inagnetic. 



Fig. 24-14 Magnetic field beneath the surface of a plane conductor 
parallel to a filamentary current-carrying conductor. 


With the aid of Fig. 24*14, current density J at any point 
in the infinite slab can be expressed by the Fourier integral 

/ = - r { V'62 + 2j - 6 cos xb db 

TT Jq 

If the depth of current penetration is small, this equation 
reduces to 

J = 0.222 - (24-43) 

h‘‘ + X* 


where J is the surface current density, and 7, h, and x are as 
previously defined. 

A plot of this equation is identical with that of equation 



Fig. 24*15 Image effect of a current--carrying conductor. 


From equation 24*43 (assuming that depth of current 
penetration in the infinite slab is 5) the power in watts 
absorbed by a slab of length I inches of the filamentary con- 
ductor becomes 

P = 0.316 X - V^f (24-44) 

h 

As mentioned previously, heating by proximity pnxluces 
an image effect. In Fig. 24*15 the depth of penetration is 



Fig. 24*16 Proximity heating. 


assumed to be small compared with other dimensions. Cur- 
rent in the conductor above the surface of the load does not 
have its electrical center coincident with the geometrical 
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center of the conductor. This non-coincidence implies that 
the effective height of the conductor above the surface of the 
load diffei-s from the geometric height. Let the distance 
from the center of the current-carrying conductor be desig- 
nated h\, the effective height h, and the radius of the current- 
carrying conductor a. Then the relation between h and hi 
may be shown to be to a first approximation, 

/i2 h2 _ ^2 (24*45) 

Figure 24*16 illustrates the relation of this effective height 
upon proximity heating for several common conductor sizes. 

This analysis applies to proximity heating with many 
conductors. Current induced in the load at any point 
becomes the sum of the currents induced by each current- 
carrying conductor. This addition can be simplified since 
the line integral of 11 around the magnetic circuit must equal 


where Hq =» peak magnetizing force in oersteds 
n = turns per inch 
i = coil current in amperes 



I == coil length in inches 
h = distance between work and coil in inches 
X = distance from center of coil along surface of 
slab in inches. 

For the multiturn coil this function is shown in Figs. 24 • 17 
and 24*18 for various values of h/l. 



Fig. 24*17 Field distribution K factor. 


Fig. 24*18 Field distribution K factor. 


OATtni. This is equal to the magnetizing force at the center 
of a long solenoid. However, the magnetizing force at any 
point on the surface of the load can be expressed as some 
constant times 0.4irnf, the depth of penetration being small. 
Thus 


H = 0.47rniA: 


If peak magnetizing force is desired and n is expressed in 
turns per inch, 


Total Thermal Power 

The total thermal power required for a given heating 
process may be considered to be the sum of several thermal 
requirements. 

One of these requirements is the power required to raise 
the initial temperature of the load to the required tempera- 
ture in the required length of time. This power Pi is 


= Q.lniK oersteds 


(24*46) 


Pi « 17.6JI/C Af 


(24*47) 
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where Pi = thermal power in watts 

M =» pounds heated per minute 
c =* specific heat 

At = temperature rise in degrees Fahrenheit. 

The two variables in equation 24*47 that may need further 
consideration are M and c. 

If the load properties are changed materially during 
heating, this change must be considered. An example is the 
vaporization of oil or water that may have been on or in the 
load. More important is the change in specific heat with a 
change in temperature. A good example is the radical change 
in the specific heat of iron as temperature is varied through 
the magnetic-transformation point. Another example, the 
more general case for non-magnetic loads, is the change in 
specific heat of brass as temperature is changed. 

Radical changes in specific heat, as indicated by the 
specific-heat curve of iron in Fig. 24*19, must be accounted 
for by taking the average specific! heat over the temperature 
range of the heating process. If the curve between the tem- 
perature limits does not approximate a straight line, numer- 
ical or graphical integration must be used to obtain the 
required average specific heat. This value is obtained by 
use of the heat-content curve for iron given in Section 24 * 12. 

Besides the theimal power required to heat the load, the 
generator must supply all thermal losses: (1) radiation; 
(2) convection; and (3) conduction losses. 



Fig. 24*19 Specific heat curve. (Reprinted \^ith permission from 
The Metal Iron, by 71. E. Cleaves and J. G. Thompson, published by 
McGraw-Hill, 1935.) 

The first type of thermal loss P 2 is caused by radiant 
energy. If the area of the load is large this loss is important. 
Another important factor in radiation loss is the tempera- 
ture. The following formula for radiation losses indicates 
that the loss is a function of the fourth power of tempera- 
ture. Figure 24*20 shows radiation loss as a function of 


Fahrenheit temperature, based upon a 76-degree ambient 
temperature Ti. 


P 2 — 37e 1 watts per square inch 

LVlOOO/ VlOOO/ J 

(24*48) 

in which the temperatures are Kelvin temperatures. 



DEGREES FAHRENHEIT 

Fio. 24*20 Thermal-loss curve — radiation and convection. 


The factor e is the relative-crniesivity factor. Relative 
emissivity is the ratio of energy emitted per unit area of load 
surface to the energy emitted per unit area of a black body. 

These are relative emissivities of the surfaces of various 
substances: 


Aluminum, polished 

0.10 

Coppc'r 

0.15 

Cast iron 

0.25 

Monel metal 

0.43 

Brass, polished 

0.60 

Copper, oxidized 

0.60 

Iron, black-plate 

0.86 


These values are approximate, for the condition of the sur- 
face of the material is not specifically defined, and the emis- 
sivity constant changes with variations in surface condi- 
tions. Emissivity of most surfaces approaches unity as 
temperature increases; that is, the emissivity of many sur- 
faces approximates that of a black body at high temperature. 

For many high-frequency heating jobs an average radia- 
tion loss may be used. This loss can be obtained with suffi- 
cient accuracy by graphical integration of the curve in 
Fig. 24*20 over the entire temperature range involved. 
Mathematical integration of equation 24*48 must be used 
if the upper and lower temperature limits do not fall on the 
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curve of Fig. 24-20. If the power absorbed in watts per 
square inch is small compared with the maximum radiant- 
energy loss in watts per square inch, enough power must be 
absorbed from the magnetic field by the load to overcome 
load radiation loss at the highest temperature plus power to 
raise the temperature of the load to the required tempera- 
ture in the deared length of time. 

A second type of thermal loss is convection loss P3, which 
is the energy lost from the surface of a body because minute 
air currents, created by expanding gases, carry heat from the 



Fia. 24*21 Radio-fre<iueiicy resistance of coil conductor of circular 

cross section. 

load. It is expressed approximately in terms of Fahrenheit 
temperature rise Af and area in square inches: 

P3 « 4.66 X 10“^ watts per square inch (24 -49) 


stant-power application to the surface of a thick body. If 
constant power is applied to such a surface, then, as a func- 
tion of surface-temperature rise, properties of the material, 
and time, the conduction loss in the body is 

P4 = 1.72 A/ J— (24-51) 

^ m 

where P4 = watts per square inch conducted from the 
surface of an infinite slab 

Af = surface temperature rise in degrees Fahrenheit 
k = average thermal conductivity [(calories per 
second per square centimeter)/(degrees centi- 
grade per centimeter)] over A< 
c == average specific heat over Af 
s == average density in grams per cubic centimeter 
over Af 

m = heating time in minutes. 

Equation 24-51 is rather limited. It does not apply to 
bcKlies of small dimensions, in which heat generated in one 
region affects surface temperature in another region in time 
m. From this equation the maximum time a given power 
density can be applied to a surface before the surface fuses 
can be estimated. It also tells the required power density 
needed to raise surface temperature A< degrees Fahren- 
heit in m minutes, which is especially important in surface 
hardening. 

Required magnetizing force or current is always a function 
of power density or power. Power density is the total ther- 
mal power plus thermal losses, divided by the volume (or 
area, if surface density is desired) ; because of eddy-current 
shielding the load volume is always considered to be solid. 
Upon this depends the design of the heater coil. 

CoU Loss 

To determine required genemtor output, thermal power 
and thermal loss must be known. To thermal power and 
thermal loss are added the coil loss and the I^R loss in the 
lines feeding the coil. A useful approximate formula for 
coil and line radio-frequency resistance is 


If the process involves heating an appreciable area, con- 
vection loss is important. Figure 24-20 gives a convection- 
loss curve as a function of Falu^nhcit temperature above 
75 degrees. 

Conduction losses P4 sometimes are important.” A good 
example of this type of loss is the conduction of heat from 
the surface of a load piece being surface-hardened. Another 
example is the axial flow of heat from the end of a heated 
shaft. 

The solution of heat-conduction problems is not simple. 
A general form of the heat-flow equation is 


de k fd^e d^e d^e\ 

dt 8C ^ ^ dz^) 


(24-50) 


Except in a few simple cases the conduction losses must 
be estimated. .•* 

When the depth of penetration is small, conduction loss 
may be considered comparable to the thermal case of con- 


= 0.15^ X 10-« 

V/ d 

where Rac = radio-frequency resistance in ohms per inch of 
conductor 

/ = frequency in cycles per second 
p = resistivity in microhm-centimeters 
d = conductor diameter in inches. 

If a copper conductor is used for the coil, p is 1.724 microhm- 
centimeters, and 

^ = 0.26 X ^ (24-52) 

V/ d 

As an example, assume a length of copper conductor in the 
coil and transmission line 200 inches long, a coil-conductor 
diameter of ^ inch, and a frequency of 450 kilocycles. Then 

Rae “ 0.465 X 10“® ohms per inch 
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Total radio-frequency resistance is 200 X 0.465 X 10““^ 
= 0.093 ohm. Equation 24-52 and the coil current define 
the coil loss by the formula 

Pc = PRac (24-53) 

where = coil loss in watts 

I = coil current in amperes, rms 
Rac = radio-freciuency resistance of coil. 

Equation 24-52 is plotted in Fig. 24-21, giving Rur/'^f 
as a function of the coil-conductor diameter d. Multiplying 

Rac/'^S^y the square root of the frequency gives the radio- 
frequency resistance of the conductor in ohms per inch. 
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quired for a desired power absorption. These equations, 
rearranged, for the simplest cases, are 
Non-magnetic load 

[ P 10-5 

(24-54) 

Magnetic load 

r Pn 10-66 

//o = 598 (24-55) 

where IIq = peak magnetizing force in oersteds 

Pa = surface-power density in watts per square inch 
p = average resistivity in microhm-centimeters 
/ = frequency in cycles per second. 


Application of Induction-Heating Theory 


24-3 APPLICATION OF INDUCTION-HEATING 
THEORY 

Regardless of the application, the number of ampere-turns 
to accomplish the job of heating must be determined. If 
the piece to be heated is symmetrical, such as a cylinder or 
slab, the problem is relatively simple, and the formulas of 
Section 24-2 are directly applicable. Inductive heating of 
almost all asymmetric loads may be resolved into equations 
24-39 and 24-40 for power density per unit area. 

As shown in Section 24-2 the frequency chosen for a 
particular application is important. There is a frequency 
range below which a load of given dimensions cannot be 
heated efficiently. F or example, for a load of a given thick- 
ness, there is a minimum frequency below which small 
changes in the load characteristics clause large changes in 
absorbed power. Above this frequency small changes in 
load characteristics are not so noticeable. For this reason, 
the approximations of G{d/h) and G{t/h) curves were made 
for values of d/h and f/3, respectively, above certain estab- 
lished magnitudes. The formulas derived for loads of various 
shapes are not valid below this minimum frequency. The 
general equations are used if ratios oi d/b and t/b are less 
than this established value. 

Before ampere-turns or magnetizing force can be calcu- 
lated, power density must be determined, as in Section 24 -2. 
Sufficient power must be absorbed by the load to compensfitc 
for thennal losses such as radiation, convection, and con- 
duction. Therefore the volume power density becomes 

P 

P^ = watts per cubic inch 

volume 

and the surface power density becomes 

P . ^ 

P^ watts per square inch 

area 

where P is the total required thermal power in watts, includ- 
ing all thermal losses; the volume includes all space inside 
the coil occupied by the load, in cubic inches; and the area 
is the lateral surface of the load under coil, in square inches. 

Magnetizing Force 

The power-density formulas derived in Section 24-2 may 
be rearranged to indicate the peak magnetizing force re- 


A similar expression can be obtained for the amperes 
recpiired in a single current-carrying conductor inductively 
heating a load by proximity heating. This equation is 



where I = current in conductor in amperes, rms 
P = total power required in watts 
h = effective height above surface of load in inches 
(see equation 24-45) 

I = length in inches of load being heated under cur- 
rent-carrying conductor 
relative permeability 

p = average resistivity in microhm-centimeters 
/ == frequency in cycles per second. 

A similar approach can be made with the aid of Figs. 24 • 17 
and 24-18 for proximity heating with more than one con- 
ductor. The value of p for magnetic loads is considered as 
that given by Rosenberg in equation 24 - 20. 

Coil Design 

Eipiations 24-54 to 24-56 indicate the magnetizing force 
required to prcnluce a desired power density. Magnetizing 
force is a function of the ampere-turns per inch in a coil, and 
at a point on the surface of a conducting body it is a function 
of the sejuare of the distance from a current-carrying con- 
ductor, if the depth of current penetration is small. 

l"he coil conductor should have sufficient effective cross- 
sectional area to cany the required current safely and eco- 
nomically. Often it is impractical to use simple conductors 
with this current-carrying capacity. By water cooling, the 
resistivity of the coil conductor can be held to a minimum 
and at the same time the ampere-turns per inch can be 
increased greatly. 

Coil-Loss Dissipation 

If some allowable coil-temperature rise is selected, the 
power in kilowatts to heat Q gallons of water per minute 
M degrees Fahrenheit is 

P = 0.147Q A< (24 -57) 

Equation 24-57 and Fig. 24-22 indicate theoretically the 
amount of power that may be dissipated in the coil current- 
carrying conductor if it is water-cooled tubing. This as- 
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sumcs 100 percent transfer efficiency of the energy in the 
coil conductor to the water. For practical purposes an 
assumed transfer efficiency of 50 percent is about right. 
Sometimes the coil PR is greater than the allowable coil 
dissipation. However, the coil can be fed with water from 
the center, instead of one end, and the flow of water into the 
coil can be doubled. If the water connection is made at any 
point above ground potential, it must be insulated from 
ground. Rubber hose, saran tubing, and porcelain coils have 
been used with satisfactory results. 



Ampere-Tums per Inch 

Since the current-carrying capacity of a conductor is deter- 
mined by its PR losses, the conductor must be capable of 
carrying the coil current without overheating. Equations 
24-53 and 24-57 can be used if there is any uncertainty 
about current-carrying capacity of a given conductor. These 
equations define the effective cross section of the coil con- 
ductor as well as the necessary flow of water to dissipate 
PR losses. Once these quantities are established, the next 
step is to determine approximately (total coil voltage is 
considered later) the voltage per turn to provide sufficient 
spacing between turns to prevent possible arcing between 
turns. With long coils this computation is not difficult. 
Since the inductance of a long coil (a coil with cross-sectional 
dimensions small compared with its length) is approximately 

L = 0.032iV^— ^ microhenrys (24-58) 

Z 

where N =* total number of turns in the coil 

Ac =* cross-sectional area of the coil without the load 
in square inches 

Au, cross-sectional area of the work (including hol- 
low portion if work is hollow) within the coil 
in square inches 
I » length of the coil in inches. 


Then the voltage per turn may be expressed by 
E 

— = 0.2n//c(Ac — Au,) X volts, rms (24-59) 
N 

where n = turns per inch 

/ = frequency in cycles per second 
Ic = coil current in amperes, rms. 


Load Coupling 

The coil must be designed so that there is no voltage break- 
down l>etween coil and load, or between turns of the coil. 
The points of greatest potential difference are at the coil 
terminals. If heating is to be uniform, the shape and loca- 
tion of the coil relative to the load must be considered. If 
the coil shape is changed to produce the desired uniformity 
of magnetic field, there is a change in its coupling (im- 
pedance). This change is important for constant-voltage 
generators such as motor-generator sets. For an oscillator, 
a load-impedance change usually can be compensated by 
changing the tank-coil reactance, since the greatest change 
in the load impedance is reactive. Thus the oscillator acts 
more nearly as a constant-current generator. If total tank 
reactance is held constant, the only load factors determining 
the magnitude of tank impedance into which the tube of the 
oscillator feeds are the resistance (variable with load coup- 
ling) reflected into the tank circuit and the load coil resist- 
ance (fixed for a given coil). 

The impedance into which the usual oscillator feeds always 
acts as a pure resistance. This means that the tank-circuit 
impedance has no reactive component, and the power factor 
is unity. Thus the impedance of the tank circuit at reso- 
nance is ® 


Ra 


R^ + (wL)^ 
R 


R 

{Rwcy^ +JJlc - 1 )- 


(24-60) 


where Ra = apparent load resistance of the tube 

R = sum of the resistances of tank coil, load coil, 
and reflected load resistance (tank-coil resist- 
ance usually is negligible) 
o) = 2Trf frequency in cycles per second 
L = total tank inductance in henrys (includes in- 
ductance of load) 

C = tuning shunt capacitance in farads. 


Equation 24-60 becomes, as an approximation for a circuit 
Q of 10 or greater, 

/?a - — (24 -61) 


where X = wL reactive ohms. 

The last two equations indicate that the total series resist- 
ance in the tank circuit is critical. As shown by equations 
24-42 and 24-46, the magnetizing force is proportional to 
the reciprocal of the square of the distance from the current- 
carrying conductor and proportional to the ampere-turns 
per inch. Now, since the power absorbed is a function of 
the magnetizing force at constant coil current, and a change 
in coupling changes the magnetizing force, the resistance 
reflected into the load coil from the work is changed, the 
resistance being simply the ratio of the power absorbed by 
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the work to the square of the coil current. Thus, increasing 
the coil coupling to the work increases the resistance reflected 
into the load coil by the work; also, decreasing coil coupling 
decreases reflected resistance. An increase in coupling there- 
fore decreases apparent resistance into which the generator 
feeds and thus an increase in generator current is demanded. 
The vacuum-tube generator, as well as the alternator, must 
feed into an optimum impedance so that the ratings of such 
generators are not exceeded when full power is demanded. 
The criterion in operating vacuum-tube generators is that 
the loaded tank Q, which is approximately equal to the ratio 
of the kva circulating in the tank circuit to the kilowatts 
supplied to the tank by the generator should be adjusted to 
the value stated by the manufacturer. Voltage and current 
ratings of high-f re(|uency motor-generator sets define the 
minimum impedance, usually at unity power factor, into 
which this generator must feed. 

Equations 24-60 and 24-61 indicate that the series resist- 
ance in the inductive branch of a parallel tuned circuit must 
be held close to a definite value for proper operation. Some- 
times it is difficult to obtain enough reflected resistance 
(coil resistance held to a minimum) to lower the Q of the tank 
circuit enough to attain full output, especially with an oscil- 
lator. This is especially true of non-inagnetic loads. Iron 
is usually the exception; however, when such material passes 
through the magnetic-transformation point it acts as a typ- 
ical non-magnctic load. If high power densities are required, 
experience and theory show that, as far as the generator is 
concerned, the magnetic-transformation point is reached in 
short time. The short time is due to the induced currents 
flowing in the work to a depth d as defined by equations 
24-8 and 24-9, and a shallow surface layer is heated to 
temperatures above the magnetic-transformation point 
before the mass of the load has absorbed an appreciable 
amount of energy. This property is utilized in the practice 
of self-quenching, especially for surface hardening. 

Heat Patterns and Coil Shapes 

Heater coils are of various shapes and sizes, depending 
upon the application. Some consist of a single turn, some 
of many turns. A single-turn coil is shown in Figs. 24-23 
and 24 -24. The darkened area indicates qualitatively the 
heat pattern that may be expected. The magnetic field at 
a point on the surface of the load is a function of the square 
of the distance of the conductor from the load, and it also 
depends upon the shape and arrangement of the coil. 


load. This shadow effect becomes more pronounced with 
multiturn coils of large pitch. This effect may be detri- 
mental in hardening, but it may be overcome by rotating 



Fia. 24-24 Heat pattern with single-turn coil. 

the coil or work about their common axis. Usually it is 
more convenient to rotate the work. Coil pitch ordinarily 
should be less than twice the coil-conductor diameter. 



Fig. 24 -25 Shadow effect in niultiturn coil. 


An example of the heat pattern for a closely coupled coil 
with large turn pitch is shown in Fig. 24-25. Assume that 
the pitch of the coil is small. Then the magnetic field along 



Fig. 24-26 Heat pattern in mulliturn coil with short load. 

the center of the coil is fairly uniform, dropping off rapidly 
near the ends of the coil. This change in the magnetic field 
is often seiious. Consider, for example, a shaft of about the 



Fig. 24-23 Heat pattern with single-turn coil. Fio. 24-27 Heat pattern in multiturn coil with long load. 


If the coil in Fig. 24-23 is coupled more closely to the same length as the coil. The expected heat pattern is indi- 
load, the heating pattern becomes much deeper and nar- cated in Fig. 24-26. If the load is long compared with the 
rower. If this were to be extended to multitum coils, a coil length, the expected heat pattern is shown in Fig. 24-27. 
■'‘shadow^^ of the coil would appear as a heat pattern on the These patterns are qualitative only. 
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There are five corrective methods: 

1 . Change the Coil Pitch. For the example shown in Fig. 
24-26, increase the pitch at the center of the coil relative to 
the pitch at the ends. This is indicated in Fig. 24-28. For 





Fia. 24-28 A method of making heat pattern of Fig. 24-26 more 

uniform. 


5. Use Secondary Coupling. The heater coil consists of a 
split one-turn coil. The load coil is energized by inductive 
coupling from the generator. This method involves an 



Fig. 24*31 A second method of corrt-eting non-uniform heat pattern in 

Fig. 24 *27. 

added loss in the secondary coil (heater coil). By using 
copper for the secondary coil, and perhaps silver-plating it, 


the example shown in Fig. 24-27, correction can be made as 
indicated in Fig. 24-29. 

2. Alter the Coil Diameter. Alter the coil diameter so that 
the magnetic field at the surface of the load is more uniform. 
This method is indicated in Figs. 24-30 and 24-31. 



Fio. 24-29 A method of making heat pattern of Fig. 24-27 more 

uniform. 


3. Shorten the Coil. The coil can be shortened to correct 
the non-uniform heat pattern shown in Fig. 24-26, as indi- 
cated in Fig. 24-32. For a load long compared with the coil 
length, the coil can be lengthened. This increases the amount 
of material being heated, but the region to be heated is heated 
more uniformly. Figure 24-33 indicates the expected heat 
pattern. 




Fig. 24-30 A second method of correcting non-uniform heat pattern in 

Fig. 24-26. 




Fig. 24-32 A method of making more uniform heat patterns in short 

loads. 


the coil loss can be minimized. The secondary coil should 
be water-cooled. The combined coupling of the primary 



Fig. 24*33 A method of making more uniform heat patterns in long 

loads. 


coil and the heater coil can be made close to unity. Thus 
the load is heated by a coil of low potential with a high cur- 


Fig. 24-34 



Another method of producing more uniform heat patterns 
in short loads. 


4. Shield the Load Magnetically. Use a short-okcuited rent. The load coil can be coupled closer to the load because 
turn to reduce the magnetic field. For the example shown of its low voltage. Therefore, for heating loads of small 
in Fig. 24-26, this method is illustrated by Fig. 24-34. cross-sectional area, this becomes a method to secure close 
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coupling. The fringing effect at the coil ends is reduced 
because of the greater uniformity of the magnetic field 
throughout the length of the secondary coil. This type of 
coil approximates the theoretical coil from which formulas 
are derived. Figure 24-35 shows an example of this method. 


ft O (ft Pi O ft ft 





Fia. 24-36 Another method of producing more uniform heat patterns 

in long loads. 


The size and shape of the piece to be heated suggests the 
shape of the coil. A tapered shaft or a bevel gear can be 
heated uniformly in a coil. Since the magnetizing force at 
the surface of the load is a function of the square of the dis- 
tance of the load to the coil, the coil shape can be altered 
accordingly, as shown in Fig. 24-36. The taper of the coil 
is not the same as that of the shaft. The constant-pitch 



Fia. 24-36 A method of obtaining uniform heat patterns in tapereni 

loads. 


coil taper is made less than that of the shaft to obtain a uni- 
form magnetic field at the surface of the taper. Another 
method is to change the pitch of the coil turns with the axis. 
This method is illustrated in Fig. 24-37. Here the coil is 
not tapered. 

If corrective methods are not used, the heating pattern 
is not uniform. Figure 24-38 indi(!ates the heating pattern 



Fig. 24*37 Another method of obtaining uniform heat patterns in 
tapered loads. 


If, instead of using several turns, as shown in Figs. 24*36 
and 24-37, one turn is used (the coil conductor having 
rectangular cross section), the method applied to Fig. 24-36 



Fig. 24-38 Non-uniform heat pattern in tapered shaft. 


should be used to obtain a uniform heat pattern. This is 
shown in Fig. 24 • 40. 

The methods of obtaining uniform magnetizing force at 
the surface of the load, as shown in Figs. 24-36, 24*37, and 
24 -40, are useful if the load is long compared with the coil. 
If load length is about the same as coil length, the heat pat- 



Fig. 24-39 Non-uniform heat pattern in tapered load. 


tern is not uniform because of fringing effects. This condi- 
tion may be partially corrected by the methods suggested 
for cylindrical loads. 

With a given cylindrical conductor, the number of turns 
per inch may be increased by decreasing the pitch. Flat- 
tening the conductor decreases its current-carrying capacity, 



Fig. 24-40 Another method of obtaining uniform heat patterns in 

tapered load. 


that may be expected if the coil taper and shaft taper in 
Fig. 24*36 are equal. Figure 24 -39 shows the expected heat 
pattern if a uniform pitch is used for the coil in Fig. 24-37. 


but permits a smaller pitch. Since the current tends to con- 
centrate about the inside of the coil, this decrease in pitch 
gives, in effect, a closer coupling to a load inside the coil. 
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Heating the wall of a cylindrical cavity with a solenoid 
inside it prothices a marked fringing effect. Figure 24-41 
shows the heat pattern of a regular solenoid concentric with 



Fig. 24*41 Heat pattern expeoUHl when heating bores. 

the cavity. A method of correction that lends itself to 
practical application is indicated in Fig. 24*42. Since the 
coil shape is altered the magnetizing force at the load sur- 
face is altered to produce uniform heating. 

Instead of flattening a cylindrical-coil conductor to decrease 
the coil pitch, the conductor can be flattened to increase coil 
pitch; thus the coil is coupled closer to the work, for the cur- 
rent around the inside diameter of the coil is closer to the 
load surface. 



Fig. 24*42 Corrected heat pattern in bores. 


One method of heating a cavity of small bore is to pass a 
single conductor through it. This becomes a form of prox- 
imity heating. Sometimes a hairpin coil consisting of several 
loops, the plane of each loop rotated relative to the plane of 
the other loops, is used. The work should be rotated con- 
tinuously to minimize shadow effects. 

Figure 24*43 illustrates the various types of coil conduc- 
tors. Those in Figs. 24*43 (a) and 24*43 (5) are more com- 
monly used than those in Figs. 24 *43 (c) and 24 *43 (d). 
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Fig. 24*43 Typical coil-conductor shapes. 


If a surface is to be heated locally, a helix mayjt)e used, 
with the zone to be heated near the end of the helix. If 
space is limited, a pancake coil or a spiral coil may be used. 


Heating with a pancake coil is about three fourths as fast as 
heating shafts by surrounding coils. 

The inductor block is a form of the single-turn coil. The 
coil is made of sheet copper, of thickness depending upon 
load requirements. The inductor block can be made to con- 
form to the contour of the load, especially for gear teeth, 
and can be closely coupled. Load coupling at any given 
point may be made to give the desired heating at that point. 




Fig. 24*44 Inductor blocks. 


Because this type of coil needs cooling, a copper tube is 
brazed to the outer edge of the coil, and this copper tube is 
connected to a supply of cooling water. The coil terminals 
are connected to the power line or the terminals of the 
generator. Figure 24 • 44 shows two types of inductor blocks. 

If a flat surface is to be heated, the spiral helix, a modified 
form of the pancake coil as shown in Fig. 24*46, is used. 
This is necessary because the field along the normal axis of 
the pancake is greater than at other points equidistant from 
the coil. It is much more difficult to couple a pancake coil 
to the load than to couple a coil encircling the load. 



The problem of accurately calculating the shape and 
ampere-turns per inch of a required coil for heating a par- 
ticular load is very difficult. The magnetizing force at a 
given point along a current-carrying conductor is a rather 
simple function; however, if more than one conductor is 
used and the shape of the load is complex, the geometric 
function defining the magnetizing force at a given point for 
a given coil current is complicated. 
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For long solenoids the magnetizing force through a plane 
at the center and perpendicular to the axis is uniform. 
Therefore, for a coil with a length-to-diametcr ratio of 10 
or greater, the basic equation for the magnetizing force at 
the center of a long coil is sufficiently accurate: 

//o = 0,7 ni (24-62) 

where Hq = peak magnetizing force in oersteds 
n = coil turns per inch 
i — coil current in amperes, rms. 

For a coil with a length roughly ecpial to its diameter, 
equation 24-62 is not valid, but it can be used for an approx- 
imation. Trial and error must be used for coil design for 
irregularly shaped loads. Sometimes an electrolytic tank 
is used to determine the shape of a coil, especially for zonal 
heating. 

Coil Voltage 

Coil voltage with no load for a given current can be com- 
puted for several coil shapes. If a load is introduced inside 
a coil carrying high-frequency (Uiri-cnt, the coil voltage for a 



P = factor proportional to the in-phase component of 
the flux in the load 

Q = factor proportional to the out-of-phase com- 
ponent of the flux in the load. 

Figures 24-46 and 24-47 show P and Q plotted as func- 
tions of d/8 and t/8, respectively, for cylinders and slabs. 
For d/8 ^ 14 

Pd >7 (24-66) 

d 

and for t/8 ^ 10 

(24-67) 

where 8 = depth of penetration in inches, as defined by 
equation 24 - 9 

d = diameter of cylinder in inches 
t = thickness of strip in inches. 

At high frequencies and with loose coupling, P and Q be- 
come negligible. 

The power factor of the coil, if coil PR loss and coil IR 
voltage drop are neglected, is the internal power factor dc- 



given current usually is reduced. Since voltage is the time 
rate of decrease of flux linking a circuit, the voltage of a long 
coil is 

El = 4.44/V[</»] X 10”'* volt (24-63) 

where Ei = induced coil voltage in volts, rms 
/ = frequency in cycles 
N = total number of turns in coil 
[</>] = numerical value of flux linking the coil. 

The term [0] is a complex quantity consisting of flux in 
the air and in the load. These two flux components are not 
in phase and must be added vectorially. 

The complex form of the flux for a non-magnetic load is 

<t> = 6A5A„Ho + P - 1^ - igj lines (24 (M) 

The absolute value of flux is 

4> - 6.45il„ffo + P - l) + Q^j^lines (24-65) 

where 0 » flux linking the coil 

* area of cross section of load in square inches 
Ae * area of cross section of coil in square inches 


fined by equation 24-68. This is the power factor of a loss- 
less coil coupled to a load, and is known as the internal 
power factor of the coil and load. 

Pt 

cos $1 = — (24 - 68) 

R\Ic 

where cos Bi = internal power factor 

Pr ~ total power absorbed by load in watts 
El = induced coil voltage in volts, rms (equa- 
tion 24-63) 

Ic = coil current in amperes, rms. 

This power factor (equation 24-68) never can be greater 
than 0.707. 

From Section 24-3 coil losses can be computed and, with 
the IR drop across the coil, the power factor of the coil and 
load may be expressed 

Pt + Pc 

cos e = — — — (24-69) 

EqIc 

where Pt = total power to load in watts 
cos 0 = over-all power factor 
Pc — coil PR loss in watts 
Ec = total coil voltage in volts, rms 
Ic = coil current in amperes, rms. 
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The product EJe is defined by 

EJe = V(A’,/, cos <», +7-’/e)2 + {EJ, Bin Oj + PRf 

(24-70) 

Coil voltage for heating magnetic loads can be estimated 
by computing the flux in the air space and adding to this the 
flux in the iron, if it is assumed that it penetrates uniformly 
to a depth 6 below the surface of the iron load where 

6 = 1.16 X 10 ^ inches (24*71) 

in which Ho is the peak magnetizing force in oersteds, and 
6, p, and / are as defined in equation 24*9. 

The flux in the iron is 

4> = 1.03 X lOM = QAbBA lines (24*72) 

where B is taken to be 16,000 gauss, A = square inches, 
and p is the mean perimeter of the load in inches in a plane 
normal to the magnetizing force. 

The total flux 4> may then be substituted in equation 24 * 63. 
The resulting value of voltage is only approximate. 

If the method of calculating coil voltage for non-magnetic 
loads is used for magnetic loads, the error usually is so great 
that the calculated internal power factor is higher than that 
theoretically attainable. 


Load Circuits 

There are several practical methods of transferring power 
from an oscillator to a heating load. One of the most com- 
mon methods is to insert the load coil in series with one leg 
of the tank circuit of the oscillator. The resistance reflected 
into the tank circuit governs the loading of the oscillator, 
because the reactive component of the leg of the tank circuit 
in which the load is inserted is held constant, and only the 
load resistance appears to change. This circuit is illustrated 
in Fig. 24*48. the load impedance, is equal to Rg + jX^, 


It 




Fio. 24*48 Typical induction heating load circuit. 


where Rg and Xi are the series resistive and reactive com- 
ponents respectively. The load-coil kva is necessarily less 
than that of the entire tank. The tank coil, represented by 
Zt in Fig. 24*48, has little loss; consequently almost all the 
energy dissipated in the tank may be considered to be de- 
livered to the load coil Zl, Thus the Q of the tank is greater 
than that of the load coil. This is true also of an untuned 
transformer with its primary winding in series with the tank 
coil. ^ 

Power absorbed by the load coil and load is limited by 
the maximum tank current and the permissible voltage. For 


a given current, if it is assumed that the required coil voltage 
is available, the magnetizing force may be increased by de- 
creasing coil pitch. This increase in magnetizing force 
increases the resistance reflected into the tank; the converse 
is tnie also. The pitch that can be used for a given coil cur- 
rent and coil dimensions cannot be reduced beyond a certain 
practical limit. The only way to increase magnetizing force 
further is to increase the coil current. With an oscillator as 
a generator (if coil voltage is not critical) this current some- 
times is boosted by using shunting capacitors wliich partially 



Fia. 24*49 Load-circuit and vector diagram for partial tuning. 


corret't power factor. This circuit and its vector diagram 
are illustrated in Fig. 24 *49. 

Networks 

In any method that utilizes tuning as a means of load- 
impedance transformation for oscillator loading, there is a 
limitation. The Q of the load circuit must be less than the 
Q of the tank circuit under load. The oscillatory circuit 
with the greatest Q is the circuit that tends to govern the 
performance of an electronic oscillator. If the load circuit 
is partially tuned to the fundamental frequency of the oscil- 
lator by shunting the load coil with capacitors, and if the 
Q of the load circuit is appro.ximately equal that of the 
loaded tank, erratic operation can l.>e expected. The fre- 
quency of the oscillator tends to (diange, depending upon 
load circuits and electrical constants of the tank. The result 
of this erratic action is improper valving action of the oscil- 
lator tube. This instability is invariably accompanied by 
increased anode dissipation and a substantial decrease in 
efficiency of the oscillator. Such excessive dissipation may 
damage the tube. 

If the load coil is to be shunted by a capacitor, coil current 
is maximum for a given input current when the power factor 
of load coil and shunting capacitor combined is unity. Such 
a combination forms a parallel resonant circuit which acts 
as a high resistance. If this apparent resistance is greater 
than that into which the tube should feed, the oscillator no 
longer operates under optimum conditions. The Q of the 
load circuit under these conditions may be much greater 
than the tank-circuit Q. For these reasons only partial 
tuning should be used, if load-coil current is to be boosted 
by capacitive shunting. Tank current and coil current are 
approximately 180 degrees out of phase with the capacitor 
current, so these currents can be added algebraically (see 
Fig. 24*49 for vector diagram): 

It ^ II- Ic (24*73) 

This method of boosting coil current (with an oscillator 
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as generator) is limited to the ratio of coil current to tank 
current of the order of 2.6 to 3. 

If a motor generator is used as the source of power, com- 
plete correction of load power factor is desirable because 
high-frequency motor generators are usually rated for unity- 
power-factor loads. The capacitance required is 

c ^ (24-74) 

where C =* shunting capacitance in microfarads 
L = loaded coil inductance in microhenrys 
Zl = impedance of loaded coil in ohms. 


This equation suggests an expression that defines the im- 
pedance into which the generator feeds, 


and 


R. ~ R. 


h 


E,R, E^R.C 
^ L 


(24.75) 

(24-70) 


For example, suppose that the generator voltage is 800 
and that it becomes necessary to have 1600 volts across the 
load coil and at the same time boost the coil current. The 
load coil can be shunted by a capacitive reactance X3, par- 
tially tuning the load coil. The choice of X3 determines X\ 
so that it can produce series resonance with X 2 and X3 com- 
bined. A negative sign is employed for the capacitive react- 
ance and a positive sign for the inductive reactance. To 
minimize network losses, it may be best to choose X3 so 
that a capacitive reactance is required for Xi] however, the 



I 1 

I I 

Fig. 24*51 Asymmetric T network. 


where Ra = apparent resistance of tuned load circuit in ohms 
Ra = series resistance of loaded coil in ohms 
Xl = series reactance of loaded coil in ohms 
Z/^ = absolute impedance of loaded coil in ohms 
Ig = demanded generator current in amperes, rms 
Eg = generator voltage in volts, rms 
L = loaded load coil inductance in henrys 
C = shunting capacitance in farads. 

Figure 24*50 illustrates this principle. 





Fig. 24 -50 Load circuit corrected for |)ower factor. 

Sometimes the coil voltage must be greater or less than 
the rated generator voltage because of difficulty in designing 
a coil to carry enough current to produce the retiuired mag- 
netic field. As a solution, networks can be used. In a T 
network 

^ (24-77) 

R, X 2 + X 3 

-RoR. = X 1 X 2 + X1X3 + X2X3 (24- 78) 

The network is assumed to consist of pure reactances. 
The asymmetric T network is shoAvn in Fig. 24 *51. Ro is 
the resistance the generator should feed. X 2 is the reactive 
component of the load, that is, the load-coil reactance plus 
the reactance reflected into the coil by the load. Ra is the 
coil resistance plus the resistance reflected into the coil by 
the load in the load coil. 


cost of the capacitor must be considered, and so must the 
possible lower efficiency caused by losses in a network induct- 
ance. Networks cariying large current are expensive; there- 
fore it is desirable if a coil can be designed such that the use 
of a network is avoided. If the required current is too large 
for a practical network, a transformer must be used. 

Transformers and Current Concentrators 

For some induction heating, high power density is essen- 
tial. With high-frequency generators only a small area can 
he heated at high power density. Zonal heat treatment is 
one appli(*.ation that often requires high power densities, 
cs|)ecially in the field of surface hardening. Such types of 
applications demand very high current densities in the work 
pieces and in the heater coil. Seldom are the generator 
voltage and (jurrent exactly as required by the load imped- 
ance. Because such loads usually demand much more cur- 
rent than the generator can supply, a heater coil of only one 
or two turns, possibly three, must be used, depending upon 
the load requirements. 

One method of transforming the load impedance into that 
required is to change the frequency. As frequency is in- 
creased, the power absorbed by the load at a given current 
increases. At high frequencies the power applied to a load 
is limited by high-voltage gradients between the work and 
the coil. This limitation is even more pronounced if the 
load is heated to red heat, which rapidly increases the ioniza- 
tion of the atmosphere between coil and work. Thus the 
coil voltage must be further reduced. If greater space is 
allowed between coil and work, the load-circuit impedance 
is increased and coil voltage is increased. 

For loads 3 or 4 inches in diameter, the upper limit of fre- 
quency is about 1 megacycle per second. For smaller diam- 
eters, higher frequencies may be used. These are only prac- 
tical limits; higher frequencies can be used, but greater pre- 
cautions must be taken to insure proper insulation between 
coil and load. These precautions may not l^e economically 
justified. 
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Another method of increasing the power absorbed by the 
load is to increase load-coil current by shunting the load coil 
with power-factor-correction capacitora. 

A thiixl method is to change load impedance by a current 
transformer. Power-factor correction and the use of trans- 
fonners are really in the same category. The transformer 
may be considered as a special case of either a T or a ir net- 
work consisting of reactive elements. For a perfect match, 
one of the three reactive elements must bear an algebraic 
sign opposite to the signs of the remaining two elements. If 


Ip — Zfn — »!• 



Fig. 24-52 Air-core transformer. 


a transformer is used, a perfect match cannot be made unless 
capacitive reactance is introduced in the appropriate place 
in the circuit. 

Figure 24-52 shows the transformer and its equivalent T 
network. The impedances involved are 

Zp = Zi + Z3 
Za — Z 2 + Z3 


Ztn Z^ 

The driving-point impedance becomes 


Z' = Zi + 


Z2Z3 Ep 
Z2Z3 Ip 

or in terms of the transformer impedances 






Zm 




where 


Z, 


Z\ = Zp z„ 

Z 2 — z, + Zn^ 

Z’d = 


(24-79) 


(24-80) 


(24-81) 


These equations indicate modification of the impedance of 
the primary alone, which can be expressed by 

(24-82) 

To obtain maximum regulation and efficiency from the 
transformer, a maximum of flux must interlink both its 
primary and its secondary. Thus the numerical value of ^ 
in equation 24-82 must be maximum; that is, mutual im- 
pedance must be maximum. Unity coefiicient of coupling 
cannot be achieved in air-core transformers. As a means 
of compensating for this, the impedance match is best if the 
load impedance is equal to about 60 percent of the imped- 
ance of the secondary winding of the transformer. At best 
only about 25 percent of the primary kva is supplied to the 
load coil. 

Such a transformer usually has a secondary winding con- 
sisting of a sheet of copper coaxial and concentric with the 


primary. This secondary sheet constitutes a single loop, 
sometimes two loops, mechanically in scries, the load coil 
being connected to the secondary terminals with leads as 
short as possible. From 10 to 20 turns are used in the pri- 
mary winding. Proper secondary impedance is secured by 
choice of dimensions of the secondary winding. The length 
of the transformer usually is a little greater than its dia- 
metric dimension. There are some advantages to using a 
secondary that encircles the primary, so that secondary 
leads can be kept short, and secondary impedance can be 
minimized. The transformer usually is encased in a non- 
ferrous metallic shell filled with oil or pressurized gas for 
insulation. 

Another type of high-frequency transformer is the spiral 
transformer, wth its secondary turns in the interstices of 
the primary turns. It has a few distinct disadvantages. It 
is frequently limited by interwinding capacitance. Mechan- 
ically, the maintenance of proper interturn insulation and 
support is troublesome. The ratio of transformation is 
unity; that is, it is used only as an isolation transformer. 

At frequencies above 10 megacycles the coaxial trans- 
former is used. It is discussed in some detail in Section 24 - 8. 

To reduce secondary impedarH^e, thus developing higher 
ratios of current tmnsforniation, a unique transformer 
known as the current concentrator has been developed. 
Its operation is based on the property of eddy currents 
around the *^skin’^ of a conductor to shield the metal beneath 
the skin from the magnetic field. 

A conductor in a magnetic field seems to press out the 
magnetic lines of force from the space thest^ lines previously 
occupied. ^ 

- OAwni (24-83) 

An analogy is the forcing out of water currents by a body 
in a stream of water. The concentrator consists merely of a 
primary winding and a one-turn secondaiy that forms the 
heater coil. This secondary is the conductor, immersed in a 
magnetic field. However, this field distortion or pressing 
out in a given region can cause an incTcase of magnetic field 
in another region. If this region including the increased 
field can be arbitrarily chosen, a concentrator is evolved. 
The field is decreased in the region occupied by the con- 
centrator, but is highly concentrated in the region between 
the concentrator and the work. 


«i nt 



Fiq. 24-53 Equivalent load-coil circuit. 


If the concentrator had no resistance, it would have an 
efficiency of 100 percent. To minimize losses, the concen- 
trator should be made of silver-plated copper. The equiva- 
lent circuit of a heater coil with load is shown in Fig. 24-53. 
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The efficiency of this circuit is 


Rl 

Rl + Ri 


(24-84) 


where Ri is the coil resistance and Rl is effective rcflcctc<l 
series resistance of the load. If a concentrator is used, there 
is an added resistance in the equivalent circuit shown in 
Fig. 24-54. Because the coupling is much closer with a 



Fia. 24*54 Equivalent Idacl-coil aiul cum*nt-concentratdr circuit. 


concentrator, the reflected load resistance sometimes is 
much larger so that 

irL»RL (24-85) 

The efficiency of this ciroliit is 



U'l 

+ ^R'i + /e'e 


(24-80) 


Avherc R'l the reflected load resistance, R\ is tlie primaiy- 
coil resistance, and R^c is the reflected resistance of tlie con- 
centrator. By proper design of the concentrator, this effec- 
tive reflected concemtrator resistance can be made small and 
the over-all efficiency t*au be made greater tlian r\i. An- 
other inherent advantage of the concentrator is that less 




Fig. 24.55 Exiernal-rurront concent rator. (Reprinted with per- 
mission from G. Rabat and M. Losinsky, J, App, Phya., Vol. 11, p. 819, 

Dee. 1940.) 


One type of concentrator is used for heating outer surfaces 
such as spur gear teeth; the other type is used for inside sur- 
faces such as the surfaces of bores or internal ring gears. The 
internal concentrator is less efficient than the external type, 
and usually is less efficient than the comparable multitum 
coil. Figures 24-55 and 24-56 show these two types of con- 
centrators. The effi(.*iency of the concentrator for external 



Fig. 24-56 Tnt^riml-currcnt concentrator. (Reprint<'d with per- 
mission from G. Rabat and M. Losinsky, J. App. Phys. yJVol. 11, p. 

819, Dee. 1940.) 

surfaces is almost independent of the radial dimension of the 
concentractor; at least efficiency is not so radically affected 
as is the efficiency of the concentractor for internal surfaces. 
An increase in the radial dimension of the concentrator for 
heating external surfaces drops the efficiency slightly, but 
an increase in the radial dimension of an internal concentra- 
tor radically decreases its efficiency. Figure 24-57 shows a 
curiae of efficiency as a function of this radial dimension for 
a given thickneas of concentrator ring. The cun^e is only 
an indication of how the efficiency of a partciular concen- 



Fig . 24-57 Concentrator-cou pli ng efficiency. 


tuning capacitance is needed for the concentrator than if a 
simple multitum coil is used. The reason for this is the 
reduction in cross section of the primary coil by the insertion 
of the concentrator, which reduces the total flux per unit 
current. 


trator varies. For practical purposes the current tends to 
follow the path of least impedance, which is the path about 
the inside of the concentrator ring. The relative efficiency 
of a comparable concentrator for heating inside surfaces 
usually is low. 
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For hardening gears, the height of the heater coil must be 

.S = A - 2a (24-87) 

to obtain a uniform heat pattern, where h is the height of 
the load heated, and a is the space between the load and the 
coil. In gear hardening, the crest of the concentrator is made 
less than the face of the gear to prevent overheating of the 
rims of the teeth. Babat and Losinsky developed a 200- 
kilowatt concentrator for gear hardening at a frequency of 
about 200 kilocycles. 

Concentrator sleeves for loads of various diameters can 
be easily installed in the concentrator by mere mechanical 
changes. 

24-4 NUMERICAL EXAMPLES 
Non-Magnetic Materials 

Assume that a hollow tube of an alloy of copper, nickel, 
and iron is to be heated from room temperature to 1800 de- 
grees Fahrenheit. The outside diameter is 1.5 inches and 
the inside diameter is 1.25 inches. The problem is to deter- 
mine the practical maximum production rate with a 50-kilo- 
watt 450-kilocycle oscillator; tank current is 300 amperes 
rms and maximum rms terminal voltage is 4000. 

According to equation 24-25, the minimum frequency is 
85 kilocycles per second. Because a higher frequency is 
permissible, the use of 450 kilocycles is justified. 

First consider the heater coil. A copper-tubing con- 
ductor with an outside diameter of ?8 inch is chosen; this 
conductor can carry 300 amperes continuously at 450 kilo- 
cycles, if water-cooled. Maximum rms coil voltage is limited 
to approximately 4000; consequently it seems best to deter- 
mine the total number of turns in the coil, assuming an in- 
side coil diameter large enough to obviate arcing to the 
work at the high-voltage end of the coil. Assume an inside 
coil diameter of 2.5 inches. The inside cross-sectional area 
of the unloaded coil is Ac = 4.91 square inches, and the 
cross-sectional area of the work, not considering that the 
work is hollow (eddy currents penetrate only a small dis- 
tance and shield from the coil any appreciable effect the 
hollow portion may have) is A = 1.77 square inches. 

From equation 24-59 the approximate voltage per turn 
for a practical tums-per-inch ratio of 2, allowing J^^-inch 
clearance between turns is E/N = 170 volts per turn, and 
the voltage per unit axial length of the coil is 170 X 2 = 340 
volts per inch of axial-coil length. 

Maximum available rms generator voltage is approxi- 
mately 4000. Thus maximum coil length I for a coil with a 
pitch of 0.5 inch and a cross-sectional area (unloaded) of 
4.91 s(}uare inches is 12 inches. 

This length can be reduced if the oscillator is too heavily 
loaded with a 12-inch coil. The likelihood of overloading is 
small, because with non-magnetic material and such a coil 
the internal power factor (equation 24-68) is small. 

From equation 24-52 or Fig. 24-21 the radio-frequency 
resistance per inch of conductor is = 0.465 X 10”^ ohms. 

The mean diameter of the coil is 2J^ inches, and total con- 
ductor length per turn is 3% inches. Total conductor length 
per axial inch of the coil is 6^4 inches. 'Thus the coil I^R' 
loss per axial inch is Pc — 282 watts, and the total coil 
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PR loss at normal tank currents becomes Pc = 3.4 kilo- 
watts. Tliis coil loss contributes to some portion of the 
oscillator loading; however, energy absorbed by the tubing 
offers the greatest portion of the oscillator load. Power 
absorbed per unit length of load, according to equation 
24-19, is Pi = 2.06 kilowatts (p = 83 microhm-centimeters 
and //o = 420 oersteds, from equation 24-62 being used). 
Thus total power absorbed by the load in the 12-inch coil is 
Pi — 24.7 kilowatts. Neglecting line losses, the total power 
to be supplied by the generator is Pt = 28.1 kilowatts. 

Obviously the available output of the 50-kilowatt oscil- 
lator is not utilized, but a coil and a coil current can be so 
determined that the oscillator is fully loaded. The resist- 
ance of the coil and load combined is 0.313 ohm, and the 
resistance per axial length of the load and load coil is 
Ri = 0.0261 ohm. The discussion of load circuits in Section 
24-3 pointed out that, for amplification of currents by 
partially tuning the load coil, the amount of amplification 
(if the high-frequency generator is an oscillator) should be 
limited to a maximum from 2.5 to 3. If the amplification is 
arbitrarily selected to be 2.4, the current in the load coil 
will be 720 amperes. 

The use of 720 amperes of necessity limits coil length, if 
the Siime pitch and inside diameter are employed, to approx- 
imately 5 inches. More preci.scly, since combined load and 
load-coil resistances per axial inch are 0.0261 ohm the maxi- 
mum coil length that can be used without demanding more 
than 50 kilowatts from the oscillator is 3.7 inches, or the 
total number of coil turns is 7.5. 

The capacitance of the shunting capacitor used to boost 
the load coil current to 720 amperes must be determined. 
From equation 24 • 63 the rms coil voltage is Ei = 3200, ap- 
proximately. Therefore, the loaded coil reactance is X/ = 4.5 
ohms, and the loaded coil inductance is L = 1.6 microhenrys. 

By circuit analysis and e(|uation 24-1 or 24 - 60, the load- 
coil shunting capacitance is computed to be C = 0.046 
microfarad. This capacitor must withstand continuous 
duty at 4000 volts rms at 450 kilocycles. It must also carry 
420 amperes continuously. Another value of capacitance 
would have had the same current-boosting effect. This 
other capacitance is C = 0.13 microfarad. To minimize the 
energy stored in the load circuit, and to minimize the capac- 
itor current, the smaller capacitor is selected. 

Coil efficiency is 88 percent; therefore about 6 kilowatts 
of coil loss must be dissipated by cooling water. A water 
flow of 1 or 2 gallons per minute is adequate. 

The production rate obtainable from 44 kilowatts sup- 
plied to the tubing is 675 pounds per hour or 330 feet per 
hour. Expected line-to-load efficiency (at oscillator ter- 
minals) is about 60 percent, and an average of 84 kilowatts 
must be supplied by the power lines. This means that the 
kilowatt-hours per foot required to heat this tubing is 0.255. 

This problem indicates the general solution for heating a 
non-magnetic material, and shows that, primarily because 
of a low internal power factor and limited output from the 
generator, some method of boosting coil current is necessary. 

Heating Iron to Above Magnetic-Transformation Point 

A manufacturer wishes to forge a low-carbon-steel rod 
^ inch in diameter. Production rate is 7 pounds per minute. 
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The process is to consist in feeding the rod to the induction- 
heating coils, heating from room temperature to 1850 de- 
grees Fahrenheit, cutting lengths from the rod, and finally 
forging. 

Assume a frequency of 450 kilocycles. 

There are several approaches to this problem. One is to 
use a constant-pitch coil; another is to change coil pitch at 
a point where load temperature reaches the magnetic-trans- 
formation point. 

The thermal power required, negleeting radiation and con- 
vection losses, is Pi = 33.3 kilowatts. Heating below the 
magnetic-transformation point is at an almost constant rate. 
Above the magnetic-transfonnation temperature the heat- 
ing likewise is at an almost-constant rate, but not at the 
same rate as at the lower temperature. Proper manipula- 
tion of equation 24-48 gives a maximum radiation loss be- 
low the magnetic-transformation point of about 32 watts 
per square inch and an average of about 80 watts per s(|uare 
inch above the magnetic-transformation temperature to 
1850 degrees Fahrenheit. The value of c, the relative emis- 
sivity, is about 0.8. The length of the coil, especially the 
section heating the load from the magnetic-transformation 
point to 1850 degrees Fahrenheit, is lengthened because of 
the extra power demanded by the load. 

Because this heating process is continuous, the power 
required below the magnetic-transformation point and the 
power required above^ it may be considered individually. 
The two arc considered together only for determining coil 
voltage and cooling, and if a single generator is used. 

Neglecting radiation and convection losses, the power 
required to heat the work to the magnetic-transformation 
temperature of 1400 degrees Fahrenheit is P = 24.7 kilo- 
w^atts. Because this particular part of the operation con- 
sists in heating the load from room temperature, the effi- 
ciency of power transfer from coil to load is expected to be 
rather high. Therefore, the use of a 50-kilowatt 450-kilo- 
cycle generator is satisfactory. From this generator the 
maximum available output voltage is 4000 and the tank cur- 
rent is 300 amperes. 

Assume an inside coil diameter of 1.5 inches and ^s-inch 
copper tubing as a coil conductor. From equation 24-59 
the volts per turn is found to be approximately E/N == 45. 
This shows it is practical to use 1.6 turns per inch, and the 
voltage per turn then becomes 72 ^^^th air space 

between turns. Maximum length as defined by coil voltage 
per turn becomes 35 inches. 

The power generated per axial inch of load (from equation 
24 • 22) is 2.4 kilowatts. 

The maximum radiation loss for the heat cycle below the 
magnetic-transfonnation point was given as 32 watts per 
square inch; therefore the maximum radiation loss per axial 
inch becomes 38 watts. This loss is almost negligible com- 
pared with the power absorption per axial inch, and may be 
neglected. 

Coil resistance per axial inch (from equation 24-52) 
is 72 4.55 X 10“® ohm, and the coil loss per inch of axial 

length is 400 watts. Therefore the total power per axial 
inch of coil to be supplied by the generator is P/I = 2.8 kilo- 
watts. Then, since a total of 24.7 kilowatts is needed to 
heat the work to the magnetic-transformation point at the 


desired speed, the coil length for that heating is 10.25 inches. 
From this coil length above, the generator demand for heat- 
ing to the magnetic-transformation point is P = 28.8 kilo- 
watts. The voltage across this portion of the coil (from 
equation 24-63), neglecting any coil Hi drop, is = 1170 
volts. 

Now let the load coil, using the same pitch and coil diam- 
eter, be extended so that the load in the non-magnetic state 
is heated as desired. Power absorbed by the load per axial 
inch (from equation 24-17) is P = 420 watts, if p = 160 
microhm-centimeters and // = 320 peak oersteds. Since 
there is a maximum of 80 watts per square inch of the load 
or 95 watts per axial inch, the actual power absorbed per 
axial inch is reduced by 95 watts per axial inch. Therefore, 
P = 325 watts per axial inch. 

From eejuation 24-47, the thermal power required to heat 
the work from 1400 to 1850 degrees Fahrenheit at the rate 
of 7 pounds per minute is 8.6 kilowatts. Therefore the coil 
length needed is 26.5 inches. Maximum coil length was 
determined previously as approximately 35 inches. The 
sum of the lengths of the two eoil seetions approaches 35 
in(!hes; therefore relative to coil length and coil voltage the 
total coil length is not excessive. 

The coil loss of 400 watts per axial inch indicates that 
generator demand for heating the load from the magnetic- 
transformation point to 1850 degrees Fahrenheit is 19.3 kilo- 
watts, and the total generator demand is 48.1 kilowatts. 

Coil efficiency in heating the load to the magnetic-trans- 
formation point is approximately 86 percent, but the effi- 
ciency in heating from the magnetic-transformation point 
to 1850 degrees Fahrenheit is approximately 45 percent. 

From equations 24-63 and 24-70 the over-all coil voltage 
is 4000. The kva required for heating a magnetic load, 
according to calculations, is 350 kva, and the calculated kva 
for a non-magnetic load is 810 kva. 

As shown, the coil efficiency for the magnetic state is 
86 percent, and for the non-magnetic state it is 45 percent. 
Thus coil losses become approximately 15 kilowatts. 

To dissipate this energy, about 2 gallons of water per 
minute is necessary. This is shown by equation 24-57 or 
Fig. 24-22 if 50 percent of the energy is transferred to the 
water. 

Magnetic Material 

A manufacturer desires to heat a 10- by 0.01-inch low- 
carbon-steel strip from room temperature to 1000 degrees 
Fahrenheit at the rate of 15 feet per minute. 

From equation 24-47, the useful power required is 
Pi = 12.7 kilowatts. Thermal losses consist of radiation 
and convection losses; conduction loss performs useful work, 
and it is provided for in equation 24-47. Thus maximum 
radiation and convection losses become (Fig. 24-20) 
P 2 = 220 watts per inch of load length for a relative emis- 
sivity of 0.7, and P3 = 80 watts per inch of load length. 

Maximum loss is considered because, if this maximum 
loss is not supplied, the temperature of the surface of the 
steel strip will never reach 1000 degrees Fahrenheit. The 
total loss in watts then is taken to be 300 times the coil 
length in inches. 

Thermally this loss appears to be suitable for a 20-kilowatt 
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radio-frequency generator, and a 20-kilowatt 450-kilocycIe 
generator is selected. The maximum terminal voltage is 
approximately 3000, and the current available at the termi- 
nals is 175 amperes. The required magnetizing force as a 
function of coil length can be determined from equation 
24-36. This expression, when the total loss per inch of load 
length is considered, reduces to 

+ 300 = 0.662//o” 

If 


Required magnetizing forces for vario»is lengths of coil, and 
the turns per inch needed to produce those magnetizing 
forces, are 

I Ho n 

(indies) (oersti-d-s) (turns per inch) 


5 aw 1.65 

10 135 1.1 

15 110 0.9 


An arbitrary selection of coil length can be made. Let a 
convenient turns ratio of one turn per inch be chosen; then 
the coil length must be approximately 12 inches. 

Since the coil is rather short, the strip within the coil is 
not likely to vibrate appreciably. Therefore, the coil open- 
ing can be made small. But the strip may creep back and 
forth in the coil by as much as 2 inches. Thus, a coil open- 
ing of 1 by 12 inches can be chosen. Now the coil voltage, 
from equations 24-63 and 24-72, is E\ = 3200. This volt- 
age is a little higher than the maximum available voltage 
previously given. The difference is too small to be important, 
so it is neglected. 

The coil resistance, from equation 24-52 or Fig. 24-21, is 
0.11 ohm for l^-inch copper tubing; therefore coil loss be- 
comes I^R or 3.4 kilowatts. 

The total kilowatts demanded by the load and coil is 
19.7, which includes 3.6 kilowatts in thermal losses. The 
coil efficiency is 

16.3 

100 83 percent 

19.7 

Power cost per 1000 feet of strip is simply determined. Since 
the oscillator is expected to be 60 percent efficient, the power 
drain from the incoming line, neglecting stand-by operation 
such as filament excitation and air-blower power, for 19.7 
kilowatts delivered to the load coil is 32.8 kilowatts. In 
1 hour 900 feet of strip has been heated with an energy 
expenditure of 32.8 kilowatt-hours. Thus 36.5 kilowatt- 
hours are needed to heat 1000 feet of strip. At a power cost 
of $0.01 per kilowatt-hour, the hourly power cost, neglecting 
stand-by power, is $0,365. 


24-6 INDUCTION SOLDERING, BRAZING, AND 
HEAT TREATING 

Soft Soldering 

Joining of metals by means of solders which melt at 361 
to 621 degrees Fahrenheit is commonly termed soft soldering. 
Solders so used usually are binary alloys composed of tin and 
lead, or sometimes ternary alloys in whicb^ small amounts of. 
antimony or cadmium are added to the tin and lead. 


Tin-Lead Solders 

Most of the tin-lead alloys change from a solid state to a 
plastic state, then to a liquid state, as they are heated. The 
temperature at which the alloy changes from the solid to 
the plastic state is called the solidus point, and the tempera- 
ture at which the alloy becomes liquid is called the liquidus 
point. The solidus and liquidus points of various tin-lead 
alloys are given in Table 24-1. The complete tin-lead 
diagram is given in Fig. 24-58. 

PER CENT lead in TIN-LEAO ALLOYS 



Fio. 24-58 Tin-lead diagram. (Roimntcd with permission from 
A. Z. Maiuple, Metals and Alloys, V’ol. 21, No. 3, p. 704, March 1945.) 


Table 24-1 Critical Temperatures op Tin-Iead Alloys 


Composition 

Solidus Point 

Liquidus l^Jint 

% Sn 

%Pb 

("F) 

m 

0 

100 

621 

621 

5 

95 

656 (518) ♦ 

594 

10 

90 

600 (361) * 

572 

15 

85 

428 (361) * 

550 

19.5 

80.5 

361 

535 

20 

80 

361 

631 

25 

75 

361 

511 

30 

70 

.361 

496 

35 

65 

361 

477 

40 

60 

361 

460 

45 

55 

361 

438 

50 

60 

361 

421 

65 

45 

361 

399 

60 

40 

361 

375 

62 

38 

361 

361 

65 

35 

361 

367 

70 

30 

361 

378 

75 

25 

361 

387 

80 

20 

361 

399 

85 

15 

361 

410 

90 

10 

361 

423 

95 

5 

361 

437 

98 

2 

361 

441 

99 

1 

414 

446 

100 

0 

450 

450 


• For engineering purposes the solidus temperatures given in paren- 
theses should be used. 

The range of temperature in which the alloy is plastic 
decreases as the percentage of tin is increased until a critical 
composition of 62% tin and 38% lead is reached. This 
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alloy, the eutectic, has no plastic state but changes suddenly 
from solid to liquid at a temperature of 361 degrees Fahren- 
heit. As Fig. 24*58 indicates, this eutectic temperature also 
is the solidus point for all tin-lead alloys containing from 
19.5% to 98% tin. For engineering purposes the solidus 
point of alloys containing as little as 10% tin should be re- 
duced to 361 degrees Fahrenheit. Both the solder and the 


temperatures above the solidus point solder is in its plastic 
state and has zero strength; hence nothing is to be gained by 
substituting a tin-poor solder for a higher tin solder for oper- 
ation at high temperatures. 

Special high-temperature solders are alloys of cadmium 
and zinc or silver; they have solidus and liquidus points high 
enough so that they can be used in selective soldering 


GOOD 


GOOD 


POOR 


POOR 




GOOD 


GOOD 


GOOD 




GOOD 


GOOD 




GOOD 


tnwFlrra 

POOR GOOD GOOD GOOD 


GOOD 


POOR 



POOR 



POOR 



GOOD 



GOOD 


POOR DESIGN 
_ UNNECESSARY 
FLARE 


GOOD 



GOOD 


GOOD 


r'-ezrs 


POOR GOOD 


GOOD 


GOOD 


GOOD 


GOOD 


ALLOY INSERT-GOOD 


Fia. 24-51) Varioas grades of solder joints. (Courtesy of Handy and Harmon Company.) 


surfaces to be soldered must be heated to a temperature 
above the litpiidus point of the solder. At temperatures 
above the liquidus point, there may be some movement be- 
tween the parts to be soldered without harmful effects. Such 
relative movement may be required to position the parts, 
but once the tt^mperature drops below the liquidus point 
and the solder enters the plastic range, any movement be- 
tween parts usually causes a defective joint. A defective 
joint of this type can be recognized by its crystalline appear- 
ance, but often it may pass a visual inspection. The elimina- 
tion of movement is important both to the designer of parts 
to be soldered and to the designer of work-handling eejuip- 
ment for automatic soldering processes. Joints must be 
designed to be mechanically strong before soldering, or 
adequate cooling time must l)e provided without disturbing 
the soldered parts. Cooling time is proportional to the 
extent of the plastic range of the solders. 

High-Temperature Soft Solders 

Frequently a soldered joint is required in apparatus sub- 
jected to high temperatures. Table 24*1 shows that low-tin 
solders have higher liquidus points than do the medium- to 
high-tin solders. Thus a low-tin solder might be assumed 
to be stronger than a higher tin alloy, such as the eutectic 
at high temperature. Such an assumption is erroneous. 
The solidus points of solders normally used are constant at 
the eutectic temperature of 361 degrees Fahrenheit. At 


applications. Some of these high-temperature soft solders 
are listed in Table 21-2. 


Table 24-2 High-Temperature Soft Solders 



Composition 

Sijlidus 

Liquidus 

% Cd 

% Other metal 

Point (°F) 

Point CF) 

95 

5 Ag 

639 

734 

50 

50 Sn 

508 

619 

82.5 

17.5 Sn 

508 

508 


Fluxes for Soft Soldering 

The heat required for soldering promotes the formation of 
oxides on the surfaces of the metals to be soldered. These 
oxides prevent solder from wetting the surfaces, and a poor 
joint is formed. A good flux, properly used, not only pre- 
vents oxidation, but also adds to the strength of the bond 
between solder and metal. 

The requirements for a good flux are that it should dis- 
solve oxides on the metal surfaces; prevent formation of 
oxides as the temperature is increased ; increase the ability of 
solder to wet the metal surfaces by decreasing surface tension 
or at least preventing an increase in surface tension; promote 
alloying of the solder with the metal surfaces at tempera- 
tures below the melting point of the base metal; be stable 
at normal soldering temperatures; and leave a non-corrosive, 
non-conducting residue after soldering. 

Several types of fluxes meet some or all of the reqiiire- 
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ments in varying degrees. Among these are acid or salt 
fluxes, paste fluxes, wax fluxes, and rosin. A salt-type flux 
consists of chlorides of ammonium, zinc, or aluminum. 
These are active and stable at soldering temperatures, and 
generally decrease the difficulty of soldering. They are cor- 
rosive, however, and leave a residue unsuitable for electrical 
work. Furthennore, they do not flow ahead of the solder, 
and are not suitable for sweating. Paste fluxes are solutions 
of salt fluxes in a grease or some other inert material. The 
properties are about the same as those of salt fluxes, except 
that they flow readily and are not quite so detrimental as 
salt fluxes. Wax fluxes are organic acids that are not so 
corrosive as the salt type, but still are not suitable for elec- 
trical work. They are not in general use. Rosin flux is the 
most nearly perfect flux. It leaves a residue that is non- 
corrosive and non-conducting and promotes ease of solder- 
ing and good joints, if it is properlj^ used. Excessive heat 
causes disintegration of rosin and a consequent reduction in 
activity. If it is overheated too much it is carbonized and 
leaves a residue that hinders soldering. 

Joints for Soft Soldering 

Joints to be soft-soldered must be designed so that they 
have the required strength. In general the film of solder 
between surfaces sliould be 0.003 inch thick for maximum 
strength. If the heat for soldering is to be generated by 
induction the joint must be so designed that it can be heated 
efficiently by induction. Examples of good and bad joints 
are shown in Fig. 24*59. 

Production on capacitor cans hermetically sealed by solder- 
ing can be greatly increased by induction heating. The fits 
in cans soldered by ordinary means are often poor and are 
not suitable for automatic soldering. A typical example is 
shown in Fig. 24-60 (a). In a can of this type solder flows 
over the bottom surface and may leave a gap in the seam. 



(o) (b) 


POOR JOINT DESIGN 6000 JOINT DESIGN 

Fig. 24*60 Capacitor-can soldering. 

A person using a soldering iron can add more solder to fill 
the gap, but automatic soldering involves the use of a fixed 
amount of pre-placed solder; therefore, if solder flows over a 
surface instead of around the seam the result is unsatisfac- 
tory. A joint designed as in Fig. 24-60 (6) provides a pool 
for the molten solder and prevents flow over adjacent sur- 
faces. The amount of solder required to fill the pool and the 
seam can be accurately determined and placed in the joint 
before heating to reduce the probability of gaps. 

Silver Brazing 

As a result of the development of silver alloys that melt 
at temperatures as low as 1176 degrees-*Fahrenheit, parts 
formerly made of expensive castings or machinings have 


been largely replaced by fabrication. Silver brazing has made 
possible great savings in material, labor, and space require- 
ments, and has produced products of increased strength and 
superior quality. Silver brazing is used also in the repair of 
broken parts. 

Silver Solders 

Some of the conditions governing the use of silver solder 
are color match, temperature characteristics of the metals 
to be joined, metallurgical properties of the metals or alloys 
formed by the metals and the brazing alloy, corrosion resist- 
ance, and selective soldering of adjacent parts. There are 
many silver alloys, each having properties which suit it for a 
particular purpose. Table 24-3 is a partial list of silver 
alloys available from one manufacturer, and it includes 
information about temperature characteristics and color 
properties. 


Table 24*3 Composition and Physical Properties of Silver 









Melt- 


ASTM 







ing 

Flow* 

Grade 







Point 

Point 

No. 

Name 

Ag 

Cu 

Fe 

Cd 

Color 

(“F) 

(®F) 


Sil-Fod bracing 

15 

80 

(5% P) 


Gray 

1100 

1300 


alloy 

Eaay-Flo 

50 

15.5 

10.5 

18 

Yellow-white 

1100 

1175 


bracing alloy 









Eaay-Flo No. 3 

Approximately 


Yellow 

1105 

1270 



same ns 

Easy- 







Flo with Htiiull 
amount of Ni 





1 

TL ailver Holder 

10 

52 

38 

Up to 0.5 

Brass yellow* 

1510 

1000 

2 

AT special 

20 

2.5 

35 

Up to 0.5 

Brann yellow 

1430 

1500 


silver solder 








3 

ATT silver 

20 

45 

30 

5 

Brass yellow* 

1430 

1.500 


Holder 








4 

DE silver solder 

45 

30 

25 


Yellow-white 

1250 

1370 

5 

ETX silver 

.50 

34 

10 


Yellow-white 

1280 

142.5 


Holder 








6 

Eany silver 

05 

20 

15 


Silver white 

1280 

1325 


solder 








7 

Medium silver 

70 

20 

10 


Silver white 

1335 

1300 


solder 








8 

IT silver solder 

80 

10 

4 


Silver white 

1300 

1400 


Fluxes for Silver Brazing 

In silver brazing, oxides are readily formed on the metal 
surfaces. It is imperative that the surfaces to be joined be 
kept perfectly clean. A good flux sliould dissolve oxides on 
the metals, and should prevent further formation of oxides. 
The flux should be fluid at a temperature below the flow 
point of the brazing alloy and should flow thoroughly over 
the surfaces to be joined. Borax becomes fluid at about 
1400 degrees Fahrenheit. It dissolves oxides, including 
chrome oxides, and is widely used in high-temperature 
brazing. The relatively high temperature at which it be- 
comes active precludes its use with low-temperature brazing 
alloys. It can be used, but the major advantage of low- 
temperature alloys is lost because of the higher tempera- 
ture required to keep the flux active. A paste flux of the 
fluoride type begins to fuse at 800 degrees Fahrenheit and 
becomes a thin colorless liquid at 1100 degrees. Further- 
more, it remains active at temperatures up to 1600 degrees. 
It dissolves most of the oxides, including those of chromium. 
Thus it is useful in brazing steel, stainless steel, copper, 
brass, bronze, and nearly any other metal or alloy normally 
used. Only a small amount of flux is required. Excess flux 
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can be removed by washing in hot water. Cleaning costs 
are thus eliminated or reduced. 

Design of Joints for Silver Brazing 

Silver alloys have tensile strengths from 40,000 to 60,000 
pounds per square inch, and a good bond between the braz- 
ing alloy and the base metal may achieve a strength greater 
than that of the alloy itself, sometimes as much as 130,000 
pounds per square inch. 

Joints for silver brazing are of three general types: lap or 
shear, butt, and scarf. Lap or shear joints are preferable. 
In the design of a joint to be brazed, proper clearances must 
be maintained in the joint. Strength is maximum when the 
film in the joint is thin (from 0.001 to 0.006 inch). Clear- 
ances must be large enough so that uneven expansion does 
not make the joint so tight that the brazing alloy cannot 
penetrate it or so loose that capillary action cannot pull the 
alloy into the joint. If heat is to be generated rapidly in the 
material, as by induction heating, it is desirable to include 
in the joint a seat in which the brazing alloy can be placed 
prior to heating. In this way the proper amount of alloy 
is used, and the results are most consistent and economical. 
Examples of good and bad joints for silver brazing are shown 
in Fig. 24 • 59. 

Jigs and Fixtures 

Proper jigs help to make good brazed joints. The jigging 
may be simple, such as staking, riveting, spotwdding, or 
even spinning the parts together. For some jobs a mom 
elaborate fixture may be necessary to position the parts and 
hold them securely. By eliminating motion between parts, 
the work can be handled after it is brazed but before it has 
cooled. This is of particular benefit in induction brazing, 
where much of the advantage of rapid heating wnuld be 
nullified if it were necessaiy to provide for a long cooling 
period without moving the work. 

Induction Soldering and Brazing 

Because heat is generated within the material and can be 
confined to the area around the joint, brazing production 
can be increased by induction heating. This same localized 
heating allows one joint to be brazed near a previously 
brazed joint without melting the first joint. Furthermore, 
a brazed joint can be made near an area previously heat- 
treated, and it will leave the heat treatment unaffected. 
Since no oven or furnace is required, and no contact need he 
made with the work, induction heating is suited for pro- 
duction-line brazing. Heat or energy requirements for 
induction brazing usually are less than for other methods 
because of the localized heating effect. To realize these 
benefits heat must be generated faster than by other methods. 
Power required for heating materials to soldering or brazing 
temperatures can be calculated from requirements given in 
Section 24 *2. 

Heat Treating 

High surface power densities can be produced with high- 
frequency induction heating that are not obtainable by any 
other method. High power densities permit heat treating 
surfaces without heating other parts of an object. Thus 


distortion is minimized. With such high surface power 
densities high surface hardness can be attained in low-carbon 
steels; SAE 1045 and carbon steels with higher carbon con- 
tents have been hardened satisfactorily to 60 to 65 Rock- 
well C, thus obviating special alloy steels for many industrial 
applications. 

Metals in their solid state are composed of crystals formed 
by the atoms of the metal. Three types of crystalline 


BODY-CENTERED CUBIC LATTICE FACE-CENTERED CUBIC LATTICE 

Fig. 24*61 Body-centered and face-centered cubic lattices. 

stnictures are important in heat-treating processes. In heat 
treatment of steels only two of these crystals are important. 
These are the body-centered cubic lattice and the face- 
centered cubic lattice shown in Fig. 24 *61. All steels possess 
one or the other or both of these crystals during heat treat- 
ment. 

Atoms of iron have the property of holding atoms of car- 
bon and atoms of other alloying materials in the interstices 
of the crystal entity to a degree determined by temperature 
and heat treatment. A partial iron-iron carbide diagram is 
show n in Fig. 24*62. 

At about 1400 degrees Fahrenheit most carbon steels 
undergo a change of state from the body-centered to the 
face-i^entered crystalline structure. In the temperature 



region from room temperature to about 1340 degrees Fahren- 
heit steels normally exist in the body-centered crystalline 
state called pearlite and ferrite. The transformation does not 
generally occur at a specific temperature except at one 
point, the eutectoid point, designated by the letter S on the 
iron-iron carbide diagram of Fig. 24*62. At other points 
along the 1340-degree-Fahrenheit line, designated the Ai 
critical, this crystalline change simply begins. For steels 
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with carbon contents to the left of point S the transforma- 
tion is completed at the line which is termed the -43 
critical In steels with carbon contents to the right of the 
eutectoid point S, but having less than 1.7 percent carbon, 
the transformation is completed at the A cm critical The 
particular state of steel, consisting of face-centered cubic 
crystals of iron in combination with carbon, above the trans- 
formation lines -43 and Acm is called austenitic. To harden, 
anneal, or normalize carbon steel it must be heated to tem- 
peratures above this critical tcmp>erature. 

Hardening 

If steel is heated to temperatures above the A\ line, aus- 
tenite begins to form. The amount of carbon w'hich can be 
held within individual crystals is greatly increased in this 
transformed state. After the A 3 (or A cm) critical has been 
reached all the steel crystals have been transformed to 
austenite. Because of excessive grain grow’th the hardening 



Fig. 24*63 Curve of equation 24*88. 


temperature of high-carbon steels, above the eutectoid value, 
is held to within 100 degrees Fahrenheit above the Ai critical. 
If austenite is cooled rapidly the reverse transformation 
process is prevented. Then a new combination of iron and 
carbon called martensitCy which gives hardness to the steel, 
is formed. Sub-microscopic particles of iron carbide in the 
martensite seem to be responsible for this hardness, because 
they prevent the slipping of planes of crystals and thus tend 
to prevent distortion of the crystalline stnicture of the steel. 
Thus two principal factors determine whether a steel can be 
hardened. The first is that the steel must be transformed 
into austenite, and the second is that the austenite must be 
quenched rapidly enough to arrest the reverse transforma- 
tion and cause the carbon to precipitate in the form of sub- 
microscopic particles of iron carbide. 

In furnace hardening the maximum temperature is not per- 
mitted to exceed 60 to 100 degrees Fahrenheit above the A 3 
critical, because grain growth is excessive in steels subjected 
to higher temperatures. Furnace heat and induction heat 
are identical. However, this grain growth involves some 
time, and, because the desired temperatures can be attained 
by induction heating in a few seconds, higher temperatures 


are permissible with induction heating than with furnace 
heating. The time a piece of steel is exposed to hardening 
temperatures is roughly 1 hour per inch of minimum cross- 
sectional dimension for furnace heat. Heating plain carbon 
steels by induction usually takes only a few seconds. As 
soon as the hardening temperature has been reached the 
piece can be quenched. A little longer ‘‘soaking'^ time is 
needed for alloy steels, because the reactions in such steels 
are more sluggish. Even though heating time is increased 
for alloy steels, it still is measured in seconds. 

Another advantage of induction heating is the ability to 
harden steels without protective atmosphere. Very little 
scale is developed in such short heating times. 

Distortion is not eliminated by induction heating, but it is 
reduced. 

In high-frequency induction hardening the surface of the 
steel usually is heated above the critical temperature, but 
the temperature of the interior is changed only little. In 
applying heat by the furnace method, the piece is immersed 
into a constant-temperature medium. Transient-tempera- 
ture distribution under these conditions can be described 
mathematically. However, for induction heating, the body 
being heated cannot be considered as being immersed in a 
constant-temperature medium. Energy is applied at an 
almost constant rate. This may be termed the constant- 
power case as opposed to the constant-temperature case of 
furnace heating. 

One of the few mathematical analyses of constant-power 
heating deals with temperature distribution in an infinitely 
thick slab. The depth of current penetration is assumed to 
be negligible. In terms of time, properties of the material, 
distance from the surface of the material, initial and final 
surface temperatures, and the constant power applied to the 
surface, this equation defines the transient temperature 
distribution : 


^0 

- 00 






(24-88) 


where 0 o = initial body temperature in degrees centigrade 

01 = final surface temperature in degrees centigrade 
6x = temperature in degrees centigrade at x centi- 
meters from surface of slab after t seconds 
z = {xl2)y/ pc! kt 

X = distance in centimeters from surface of slab 
p — density of slab material in grams per cubic centi- 
meter 

c = specific heat 

k = thermal conductivity calories per second per 
square centimeter per degree centigrade per 
centimeter 

t = heating time in seconds 
01 — 00 “ 

3.72VApc 

Pa = watts per square centimeter. 

To facilitate application, this equation is plotted in Fig. 
24 • 63. This curve can be applied to the heating of cylinders 
or slabs where the temperature at the center is not appre- 
ciably affected during the heating cycle. 
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As an example equation 24 • 88 can be applied to hardening 
low-carbon steel, SAE 1045 being considered as having the 
minimum carbon content required for full hardness. The 
temperature-differential ratio can be plotted as a function of 
the distance from the surface in mils for various lengths of 
heating times in seconds, as in Fig. 24-64. Suppose that 



Fig. 24-64 Temperature differential ratio plotted as a function of 
distance from the surface for various heating times for steel. 


hardened with good contours. A sample contour is shown 
in Fig. 24 • 66. 

Some surface-hardening applications require hardened 
cases from 0.020 to 0.060 inch thick. Lower frequencies 



Fig. 24 • 65 Section of surface-hardened shaft. 


the transformation critical for a particular type of steel is 
1500 degrees Fahrenheit and that the desired case depth 
and heating time are 40 mils and 2 seconds respectively. 
Then the final surface temperature after two seconds can be 
determined from equation 24-88 or Fig. 24*64. This tem- 
perature is 1815 degrees Fahrenheit. 

Power required to raise the temperature of the surface of 
an infinite slab degrees is 



where P,, = watts per square inch 

At = surface temperature rise in degrees Fahrenheit 
k = thermal conductivity in calories per second per 
square centimeter per degrees centigrade per 
centimeter 

p = density in gram per cubic centimeter 
c = specific heat 
t = time in seconds. 

Then the necessary power density becomes 6.3 kilowatts 
per square inch. So many variables affect the theimal and 
metallurgical properties of steels that unless these properties 
are known the curves can serve only as guides. 

Some experimental work has been performed with rods of 
small diameter, but the results are not consistent and theo- 
retically the smaller rods are heated throughout at almost 
uniform temperature. Therefore, heat treating such pieces 
does not involve temperature distribution and quenching 
but involves quenching only. 

Figure 24-65 shows a section of a shaft hardened by high- 
frequency induction heating. This type of casehardening 
can be reproduced consistently, because of the precision w ith 
which such heating can be controlled. Gears may be surface- 


supplied by rotating machines are most often used to produce 
case depths greater than 60 mils. For case-depth range of 
20 to 60 mils the vacuum-tube radio-freipiency generator 
has become firmly established. The frequency range usually 
employed for high-frequency induction hardening is between 
100 and 500 kilocycles per second. Within this band of fre- 
quencies case depths as shallow as 10 or 15 mils can be pro- 
duced consistently. Deeper cases can be obtained also, but 
it is generally more economical to use lower frequencies for 
deep hardening. If case depths of less than 10 mils are 
required, the megacycle frequency range may be employed. 



Fig. 24-66 {Section of contour-hardened gear. 


Few applications demand such thin cases, and often the use 
of such high frequencies is not economically justified. 

Hardening temperatures of plain carbon steels can be 
determined from Fig. 24*62. The temperature may be 
raised 100 or 200 degrees Fahrenheit above the A3 critical 
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for low-carbon steels and above the Ax critical for high- 
carbon steels. Special steels, such as tool steels, must be 
heated to temperatures close to the melting point of about 
2300 degrees Fahrenheit. Other types of steel may require 
the same final temperature or some lower temperature, de- 
pending upon their composition. Table 24*4 gives the hard- 
ening temperatures of various steels. These temperatures 
may be exceeded somewhat if high-speed high-frequency 
induction heating is employed. 


Tabi*e 24*4 Hardening Temperatures 



% c 

% .V 

% A' 

‘’i X 

Temperature 

(oy, 

SAE 1030 

0.30 




1510 

SA£ 1040 

0.40 




l.'>32 

SAB 1080 

0.80 




1495 

SAK 1095 

0.95 




1460 

SAE 1340 

0.40 

1.75 Mn 



1510 

SAE 2330 

0.30 

0.7 Mn 

3.5 Ni 


1510 

SAE SliSO 

0.50 

0.8 Cr 

1.3 Ni 


1490 

SAE 3240 

0.40 

1.1 Cr 

1.8 Ni 


1510 

SAE 4130 

0.30 

1.1 Cr 

0.2 Mo 


1560 

SAE 4150 

0.50 

1.1 Cr 

0.24 Mo 


1560 

SAE 4340 

0.40 

0.8 Cr 

2 Ni 

0.25 Mo 

1560 

SAE 5210 0 

1.0 

1.35 Cr 



1545 

SAE 6150 

0.5 

0.8 Mn 

1 Cr 

0.15 Vu 

1580 

SAE 9260 

0.60 

0.8 Mn 

2.0 Sn 


1650 


HIGHLY ALLOYED STEELS 


in Fig. 24-69. In this apparatus for hardening crankshafts 
the heated portions are quenched by means of a spray 



Fkj. 24*67 Laboratory set-up for stationary surface hardening. 


Na 

j Conipwition 

Tempera- 

%c 

% A' 

% Cr % Mo 

% w 

% Va 

ture 

(®F) 

Went 15 

1.5 


12.0 1 


0.15 

1850 

Went 21 

1.0 


5 1 


0.3 

1740 

Cr-die steel 

0.95 


4 



1560-1740 

Tuncsten die steel 

1.30 

0.45 St 


5.5 


1580 

Medium carbon, me- 







dium molybdenum 

0.75 

0.74 Mn 

4.0 


0.2 

1580 

High-speed steel 

0.70 


4 

18.0 

l.l 

2330 

High-speed Mo steel 

0.80 


4 8.6 

2.0 

1.2 

2UH) 

Chisel steel 

0.55 

1.25 Si 

1.0 

1.75 


1650 

Finishing steel 

1.30 


1.25 

5.0 


1520-1560 

Hot-work steel 

0.40 


3.5 

14.5 

0.7 

2280 

Non-deforming steel 

1.75 


18.0 



1830 


Stationary Hardening 

There are two principal methods of applying heat to the 
load by induction. One is to hold the piece stationary 
\vithin the heater coil. During the heating interval high 
power densities are generated in the piece. The surface is 
exposed to high but almost constant power from the initial 
temperature to the magnetic-transformation point at approx- 
imately 1400 degrees Fahrenheit. For the remainder of the 
heating cycle the heater coil feeds a Hon-magnetic load, and 
for the same magnetizing force the heating rate is much 
slower, but the total heating time is still only a few seconds. 

At the desired surface temperature, which is generally pre- 
determined for a given generator output, the piece to be 
hardened is suddenly quenched. A laboratory set-up for 
stationary surface hardening is shown in Fig. 24*67. A more 
elaborate arrangement for hardening wrist pins at a high 
rate of production is shown in Fig. 24 *68]; and a productioU- 
line set-up for hardening a more complex structure is shown 


emanating from the coil itself. This type of coil-quench 
combination is known as an integral-ciuench inductor coil. 

If equation 24*89 is reconsidered it l)ecomes evident that 
stationary hardening is limited to small surfaces. In gen- 



Fig. 24*68 Production-line wrist-pin hardening. 
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eral about 10 kilowatts per square inch is used to produce 
average case depths. For small case depths the requirements 
defined by equation 24*89 may be as high as 30 or 40 kilo- 
watts per square inch. Thus only a few square inches of 
load can be heated to hardening temperatures with a radio- 
frequency generator of average size, if stationary heating is 
employed. 

Progressive Hardening 

Progressive hardening can be used to harden large areas, 
such as a long section of a shaft. This method consists in 



Fio. 24*69 Vertical crankshaft unit asing a frequency of 9600 cycles. 
(Courtesy of Ohio Crankshaft Company.) 

passing the work piece through the inductor coil at the 
required rate. As with stationary heating, a point on the 
surface is heated to the magnetic-transformation point at a 
relatively constant rate, and then the heating rate is reduced. 
By proper adjustment of the speed of travel of the work 
piece and the power input to the coil, cases ranging from 15 
to 100 mils in depth can be produced consistently on work 
pieces of such shapes as shafts and boxes. Figure 24*70 
illustrates the progressive hardening of a bar of square cross 
section. Immediately after the surface of the work piece is 
heated to hardening temperatures it is quenched. 

Quenching 

Hardness and depth of hardness depend upon the quench, 
once the temperature of the steel has been raised above the 
upper critical. The rate of quenching varies with the type 
and mass of steel and with the degree and depth of hardening. 
Usually only the surface of the metal is heated to the re- 
quired temperature, and then the steel is quenched. During 


the time the steel is moved from the inductor coil to the 
quench, and even during the external quenching, the heated 
surface experiences some self-quenching; that is, some of the 
heat passes into the interior of the piece. Because of this 
the severity of the quench for induction hardening need not 
be so critical as the quench for furnace-heated pieces. 

The t 3 rpe of quench employed depends upon the heating 
procedure, the steel, and the desired metallurgical results. 
One type is the submerged quench. The metal is dropped 
into a quench bath after the proper surface temperature has 
been attained. Severity of the quench depends upon the 
type of steel and the heating it has experienced. To attain 
full hardness, an SAE 1045 steel that has been deeply heated 




Fig. 24*70 Progressive hardening, square shafting. 


must be quenched in a submerged water spray or agitated 
brine. If the heating time had been less than 3 seconds, the 
quench could have been only agitated tap water. 

The spray quench also is widely employed, most com- 
monly with progressive hardening processes. A spray ring 
sprays water on the work piece as it leaves the work coil. 
For rapid cooling, water pressures from 40 to 100 pounds per 
square inch must be used, and the piece must be sprayed at 
the proper angle of incidence. 

Self-quenching is employed for some particular applica- 
tions such as the one illustrated in Fig. 24*71. 

Water is generally used as a quench with induction heat- 
ing. Cold agitated water produces rapid cooling; the sub- 
merged water spray gives the fastest obtainable rate of 
cooling. Temperature and gas content of the water affect 
the results. It is important also that surfaces being quenched 
be free of oil and oxide scale, which increase cooling time by 
their inherently lower thermal conductivity. 

Oil probably is the next most commonly used quench. 
One advantage of oil is that the cooling rate below about 
500 degrees Fahrenheit is slow, thus minimizing internal 
stresses and the possibility of quenching cracks. 
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The foregoing discussion applies primarily to high- 3. More uniform products are obtained because of the 


frequency induction heating, but there is a wide overlapping 
of the application that can be accomplished by low-frequency 
(up to 10,000 cycles) and high-frequency (100 to 500 kilo- 
cycles) induction heating as applied to heat treating. Many 
furnace-heating applications also are accomplished by low- 
and high-fi-equency heating. For example, several deep- 
heating functions are accomplished by furnace heating as 
well as by low-frequency induction heating. Deep case- 
hardening is a good example; annealing of large diameter 
bars is another. Full hardness of a case is difficult to achieve 
in treating low-carbon-steel (SAh] 1045) cylinders of large 
diameter if furnace heat is employed. The use of induction 



Fio. 24-71 Self-quenching. 


heating helps to achieve full hardness, the high frequencies 
being better for the shallow depths of hardness. Low- and 
high-frequency induction heating do not replace furnace 
heating. 

Annealing 

Low frequencies have been most successfully employed 
for annealing large pieces (greater than about ^2 inch in 
cross-sectional dimensions), both continuously and inter- 
mittently. Rods can be annealed continuously at low fre- 
quencies. 

If material of small cross section about 250 mils 

in diameter) is to be annealed inductively, high frequencies 
should be used. If such material is non-magnetic it usually 
is not practical to attempt to apply induction heating. The 
power factor of a load and heater coil is low. However, 
small iron wire has been annealed at temperatures at or 
below the magnetic-transformation temperatures. 

Some of the advantages of induction heating are: 

1. Heat can be generated by high-frequency heating at 
rates impossible by any other method; therefore heat treat- 
ing can be performed at higher production rates by high- 
frequency heating than by other methods. It also permits 
obtaining hardness patterns heretofore not realized. 

2. High-frequency heating provides accurate control of 
temperature; the application of power can be started and 
stopped instantaneously and varied at will. There is no 
time lag. 


accurate control. 

4. Heated materials are distorted less than by other 
methods. Scale is almost negligible. 

5. Working conditions are improved. No continuously 
running furnaces are necessary. Almost all heat generated 
is in the material itself. All other heat is carried away by 
water cooling. 

6. Somewhat higher hardness usually is obtained for a 
giv^en surface temperature for steel products. 

7. Since surface heating is employed for induction harden- 
ing, the metallurgical properties of the base metal are undis- 
turbed. 

24-6 DIELECTRIC-HEATING THEORY 27 . 28. 2» 

Dielectric heating is the generation of heat by molecular 
action in dielectric material in an elcctrodynamic field. It 
is a means of distinguishing perfect dielectrics (those dielec- 
trics having no losses when they are placed in a changing 
electric field) from imperfect dielectrics (those having losses 
or those that are heated when placed in a changing electric 
field). For dielectric heating, only imperfect dielectrics are 
considered. These losses are attributed to a property of 
dielectric material called absorption. 

Properties of Imperfect Dielectrics “ 

A few properties of dielectric materials, although not 
completely understood, give a simple method of computing 
dielectric losses under various conditions of voltage gradient 
and frequency. 

In an electric field the normal structures of the atoms of 
a dielectric are deformed and rotated. This process is termed 
polarizatioUf^^ and it is proportional to the field intensity or 
voltage gradient. The constant of proportionality obtained 
from the ratio of the polarization to the electric intensity is 
called electric susceptibility y and is almost constant for steady 
fields, but variable with changing fields. The electric dis- 
placement D is, by definition, equal to the sum of the elec- 
tric field intensity Ei and the polarization P; therefore 

D=^Ei + P^(l + x)Ei (24-90) 

where 

P = (24-91) 

The relation between D and E then becomes 

D 



where € = (1 + x) a-iid is called the dielectric constant of tho 
material. Since the electric susceptibility x varies with fre- 
quency, depending on the material, the dielectric constant 
also varies with frequency. 

In other words the dielectric constant at a given frequency 
represents the ratio of the electric displacement in a given 
dielectric to the displacement if the dielectric were a vacuum 
(e =» 1). If the dielectric were a vacuum, the electric suscep- 
tibility would be zero, for there would be no polarization, 
and the dielectric constant would be unity. 

The complement of the angle by which current through a 
dielectric is out of phase with the impressed voltage is called 
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the phase angle of the dielectric. The dielectric phase angle 
is the complement of the power factor angle d. If the dielec- 
tric phase angle is 4>, 

sin<t = COB0 (24-93) 

Usually in high-frequency heating the dielectric phase angle 
is small. Therefore, for angles as great as 30 degrees, 

sin 4> = # = cos $ (24-94) 

Another property, a function of the dielectric phase angle, 
is the dielectric loss factor t". This factor, by definition, is 
the product of the power factor ^ and the dielectric con- 
stant e: 

«"=<!>« (24-95) 


Power Absorption 

With these equations, the relation of these properties to 
the familiar power equation 


P = El cos e = A74> (24 -96) 


can be shown. If the load is in the form of parallel plates or 
a capacitor, then current (^an be expressed in terms of load 
geometry and load voltage: 



(24-97) 


but the absolute value of 7. is 


Z = + A’2 ohms 


Since load impedance usually has a ratio of load reactance 
to load resistance greater than 10, the term 7j can be re- 
duced to 

Z = X 


Therefore 


The reactance 


Power = — - watts 

X 



(24-98) 


where 


c 


A 

0.224e— X 10 
d 


-12 


farad 


all dimensions being in inches, and co = 27r/. Then the power 
equation becomes 

^4 

Power = lAlfE^t” — X 10"“^^ watts (24-99) 


Equation 24-99 can be reduced further if both the numer- 
ator and denominator are multiplied by d, the distance 
between the plates. Then the term dA reduces to the volume 
of the load, since the term A is the area of one electrode face. 
By rearranging terms and substituting the value of voltage 
gradient Ei in place of E/d, the power equation takes its 
final form: 

P„ = lAlfEi^€" (24-100) 

where — power absorbed in watts per cubic inch 
/ = frequency in megacycles per second 
El voltage gradient in kilovolts per inch, rms 
» loss factor of dielectric material. 


This shows that the power absorbed by an imperfect dielec- 
tric in an alternating electric field of Ei kilovolts per inch 
and changing at the rate of / megacycles per second can be 
expressed simply as a function of measurable quantities. 

The preceding discussion is based on the heating of homo- 
geneous isotropic imperfect dielectric media completely 
filling the space between two parallel electrodes of A square 
inches each and separated by a distance of d inches. How- 
ever, it is not necessary that the dielectric fill the space 
between the electrodes. Equation 24-100 is entirely inde- 
pendent of shape, size, or spacing of electrodes. The ab- 
sorbed power is a function of the frequency of the alternating 
field, voltage gradient, and loss factor of the material. Shape, 
size, and spacing of electrodes for a given electrode voltage 
determine the voltage gradient in the work. 

Power factor and dielectric constant are not entirely inde- 
pendent of frequency. Figure 24-72 indicates the de- 
pendence of loss factor, the product of dielectric constant 
and power factor, as a function of frequency for a particular 
dielectric. For the substance represented by Fig. 24-72 a 



Fio. 24-72 Dielectric properties versus frequency. 

small change in frequency does not appreciably change loss 
factor. These dielectric properties also change with moisture 
content, pressure, and temperature. 

Measurement of Dielectric Properties'^- 

There are several methods of measuring power factor and 
dielectric constant at high frequencies. The prime diffi- 
culty is in measuring high-frequency currents and doing it 
rapidly. One method is known as the susceptance-variation 
method, which consists in measuring the properties of a 
scries LCR circuit excited by a constant voltage alternating 
at the resonant frequency of the circuit. The initial circuit 
consists of an inductance L in series vAih two parallel capaci- 
tive reactances. One of these reactances is noimally a sam- 
ple holder (Fig. 24-73) containing a sample of the dielectric. 

An instrument often used for measurement of these prop- 
erties is the Q meter. This instrument consists of a variable- 
frequency oscillator used to excite the LCR circuit. Total 
inductance L and capacitance C can be varied to make this 
circuit resonant at a desired frequency. The output of the 
meter feeds an initial circuit as indicated in Fig. 24-74. 
Here voltage Eq is the constant voltage applied across the 
series circuit. The inductance Lq is the sum of the internal 
and external inductances. Capacitance Cq is the internal 
capacitance of the instrument, which is variable. A sample 
holder contains a sample of the dielectric material. The 
capacitance of this holder with the sample is termed Cs. 
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The circuit without the sample in the sample holder has an 
inherent resist4ince designated /?g, and the effective series 
resistance of the sample is designated R^. 



Fia. 24-73 Dielectric sample holder. 


In taking these measurements the circuit Q and voltage 
with an input of Eq volts are measured, with the sample 
holder containing a sample of the dielectric. Then the 
sample is removed and the sample holder is readjusted to 
the capacitance it had when it held the sample. Again 
circuit Q and voltage are measured at voltage Eq. If instm- 
ment capacitance Cq is now adjusted by both increasing and 


•-0 Rp 



Fig. 24-74 Initial dielectric-property-measuring circuit. 


decreasing the capacitance so that the Q meter is detuned to 
the half-power points, inherent circuit resistance can be 
determined. It is 

= — (24101) 


where Rq » inherent instrument resistance in ohms 

C = total circuit capacitance in farads == Cg + 

AC » average capacitance differential in farads needed 
to detune to half-power points on either side of 
the resonant peak 
Cl) « 2ir/ 

/ » frequency in cycles per second. 


By combining the results of equation 24*101 with the 
observed capacitive-voltage readings, with and without the 
sample in the holder, the power factor of the dielectric in the 
holder becomes 




Cs \ 


^Jl\ 

/ 


(24*102) 


where Eo = capacitive voltage with no sample in holder 
El = capacitive voltage with sample in holder 
Cs == capacitance of sample holder with sample. 

The dielectric constant can be determined in the initial 
procedure by equating the geometric capacitances of the 
sample holder with and without the samples. In all the 
operations with the sample held in the holder, the cross- 
sectional area of the sample is assumed to be cqiial to the 
area of one electrode face. Thus dielectric constant 


€ = 


ds 


(24*103) 


where €o = dielectric constant 

do = sample-holder electrode spacing with sample 
removed 

da = sample-holder electrode spacing with sample in 
holder 


and the capacitance of the sample holder with an electrode 
separation of d is equal to sample-holder capacitance with 
electrode separation da. 


Power Requirements ^ 

As in induction heating the required power is that neces- 
sary to raise the temperature of the load to a given tempera- 
ture in a specified length of time. Thermal losses such as 
conduction, convection, and radiation must be overcome by 
an additional supply of power. 

The useful thermal reciuirements may be expressed as 

Pi = 17.6Mc At watts (24-104) 

where Pi = thermal power in watts 

M = pounds of material heated per minute 
c — specific heat of load material 
At = load temperature rise in degrees Fahrenheit. 

Equation 24 • 104 is one of the fundamental thermodynamic 
equations. 

Radiation and convection losses are identical with those 
in induction heating, as given in Section 24*2. However, 
conduction loss is a little different. For conduction losses 
to exist there must be a thermal gradient at the boundary 
of the electrodes and the dielectric material. This gradient 
must have the proper algebraic sign. If the electrodes were 
properly heated from some external source the thermal 
gradient necessary for conduction losses would be absent and 
then there would be no conduction loss. Such a solution as 
this is not so simple, if the electrodes consist of cold, un- 
heated press platens. 

Figure 24*75 facilitates estimates of conduction losses 
into cold press platens. Ordinates represent ratios of con- 
duction losses to useful power (equation 24 • 104) ; the abscis- 
sas represent a function of time, the properties of the load, 
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and the thickness of the load. More specifically, the term 
B in Fig. 24-75 is 

(24.105) 

where k *= thermal conductivity in (calories per second per 
square centimeter) per (degrees centigrade per 
centimeter) 

t = heating time in seconds 

p = density of dielectric in grams per cubic centimeter 
c = specific heat in calories per gram 
d = thickness of load in inches. 

One other power component is that of a change in state by 
the load or some portion of the load. An example is the 
power required to vaporize water. This power, termed Pg, 
is often as great as any other power term involved. 



Fia. 24*75 Comluctiou-loas curve for dielectric heating in cold preas. 

Total load power then can be taken conservatively as 

Py, = Pi + P2 + + /"4 + P 5 (24-106) 

where Pt = total power in watts 

Pi = useful thermal power in watts (equation 24 ■ 104) 
P2 = radiation loss in watts (equation 24 • 48) 

P3 = convection loss in watts (equation 24 *49) 

P4 = conduction loss in watts (Fig. 24 • 75) 

P 5 = power in watts to bring about a change of state. 

PR losses in transmission lines and networks must be 
accounted for also and added to the thermal power of equa- 
tion 24 • 104 to determine total generator power. 

24-7 DIELECTRIC-HEATING APPLICATIONS 

Power Density, Voltage, and Frequency 

If the required total thermal power and the volume to be 
heated are known, the power density can be determined. 
This is the power per cubic inch of the volume, primarily 
influenced by the field between the electrodes, to heat the 
work at the desired rate. 

Once volume power density is established, permissible 
voltage gradient and electrode voltage can be estimated. 
The limit of voltage gradient is indefinite, especially for radio- 
frequency voltages. Some dielectrics can withstand gradi- 
ents of 3 to 5 kilovolts or more per inch. Other dielectrics 
break down under voltage gradients of several hundred volts 
per inch. A few of the factors influencing voltage breakdown 


are moisture content; the material with which the dielectric 
is impregnated; and mechanical forces, such as volume 
stresses, applied to the dielectric. Another factor that must 
be considered is possible voltage breakdown between elec- 
trodes at points other than through the dielectric material. 
Evolution of steam or some solvent vapor from the heated 
dielectric, as well as condensation of vapors on the electrodes, 
should be considered. Corona at high radio-frequency volt- 
ages may cause difficulty. Under noimal conditions an 
upper limit of about 15 kilovolts is used for electrode volt- 
ages. Steam or solvent vapors near the electrodes reduce 
this limit. Riidio-frequency voltages greater than 15 kilo- 
volts may be used, but special precautions must be taken to 
eliminate corona and voltage breakdown. Corona discharge 
in air begins at about 75 kilovolts per inch voltage. The 
edges of straps must be beaded, or heavier conductors must 
be used, to obtain the edge radius necessary to eliminate 
breakdown and corona. Shorter conductors must be used. 
These changes affect the cost of apparatus, and usually de- 
crease its flexibility. 

Assuming that a voltage gradient and electrode voltage 
have Ijcen established, the required frequency for a given 
material is approximately 


0.71P« 

/ = o megacycles per second (24-107) 

hi t 

This formula defines the required frequency as a function of 
loss factor c" which is also a function of frequency. The 
only way of determining how varies with frequency is to 
measure power factor and loss factor over a frequency range 
that might be used for the particular heating process. This 
property of the dielectric may be fairly constant over a 
limited frequency range. Since most radio-frequency gen- 
erators are designed for fixed frequencies, the approximate 
frequency indicated by equation 24-107 is close enough to 
detennine the frequency of the generator. Once this fre- 
quency is established, the loss factor is thereby defined. If 
the chosen generator frequency is greater than the approxi- 
mated frequency, the required voltage is decreased, assuming 
that loss factor and dielectric constant remain constant. 

For a load consisting of a slab of dielectric material placed 
between two parallel electrodes (no air gap between load 
and electrodes) the voltage gradient in the work is the ratio 
of electrode voltage to distance of separation. Electrode 
voltage is the product of the voltage gradient and the dis- 
tance between the electrodes, in this particular case. 

An air gap between load material and electrodes may be 
necessary, or the electrodes may contain layers of material 
of different dielectric constants and power factors. 

The voltage gradient across the A;th layer is 


E 



(24-108) 


where E*. = voltage gradient in A;th layer in kilovolts per inch 
E = total electrode voltage in kilovolts 
€* = dielectric constant of the kth layer 
Gi = thickness of tth layer in inches 
€,* =s dielectric constant of tth layer. 
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For example, suppose parallel-plate electrodes are arranged 
with a half-inch air gap above a 2-inch load with a dielectric 
constant of 3. If equation 24 • 100 shows the required volt- 
age gradient in the load to be 4 kilovolts per inch, equation 
24 • 108 becomes 

^ “ 3(0.5 + f) 


and the total electrode voltage becomes JS = 14 kilovolts. 
If there had been no air gap, the electrode voltage would 
have been B = 4 X 2 == 8 kilovolts; hence, the voltage 
across the air gap becomes 12 kilovolts per inch. 

An analogous equation for voltage gradient across a 
cylindrical layer of dielectric between coaxial electrodes is 


Ek 


E log. Gk 



kilovolts per inch 


(24*109) 


where Ek 

E 

<rk 


yk 








voltage gradient in kth cylindrical dielectric 

layer in kilovolts per inch 

total electrode voltage in kilovolts 

ratio of outer to inner radii of kth cylindrical 

dielectric layer 

difference in outer and inner radii of A:th cylin- 
drical layer in inches 

dielectric constant of fcth cylindrical dielectric 
layer 

ratio of outer to inner radii of ith cylindrical 
dielectric layer 

dielectric constant of ith cylindrical dielectric 
layer. 


If a load does not occupy the entire space between two 
parallel electrodes, the effective dielectric constant of the 




Fia. 24*76 Dielectric loads accompanied by air spaces. 


= effective power factor of volume between elec- 
trodes 

€o ~ dielectric constant of load material 
^0 = power factor of load material 
Ao = area of electrodes occupied by load 
A I = area of electrodes not occupied by load. 


If a series air gap is used the apparent changes in the dielec- 
tric constant and power factor are 


and 


€ 




= 


4>o 


1 + €0 


do 


(24*112) 


(24*113) 


where «, 6o, and are as defined before, do is thickness of 

load layer, and di = thickness of air gap. Equations 24 *110 
to 24*113 are applicable only to loads consisting of isotropic 
homogeneous dielectric materials. 

Suppose an air gap of inch is necessary in heating a 
2-inch-thick dielectric of dielectric constant 4 and power 
factor 0.05. Then effective dielectric constant and power 
factor become 2.5 and 0.025 respectively, illustrating that a 
small series air gap greatly decreases power factor, and thus 
increases the Q of the load circuit. 


Load Circuits 

No matter how load elements and electrodes are arranged, 
load impedance may be viewed as a perfect capacitor shunted 
by a pure resistance, or in series with it. The equivalent 



Fig. 24 • 77 Imperfect capac- 
itor with equivalent series 
resistance. 



Fio. 24 • 78 Imperfect capac- 
itor with equivalent parallel 
resistance. 


space between the electrodes is altered, and the effective 
power factor is changed. As illustrated in Fig. 24*76, the 
effective dielectric constant and power factor become 


c 


<0 + 


Ao 


1 + 


di 

^0 


(24 110) 


where < 


«*. ^2 — (24111) 

M 

effective dielectric constant of volume between 
electrodes 


series circiiit is shown in Fig. 24-77; the shunt circuit in 
Fig. 24 -78. 

The effective series resistance R, of Fig. 24-77, with little 
error for high-Q loads, is 

R, = (Xe) (power factor) ohms (24-114) 

and the effective shunt or parallel resistance Rp may be 
expressed 

Rp — Z z T (24-116) 

(power factor) 

where the power factor is the dielectric power factor de- 
scribed in Section 24-6. If there are layers of different 
dielectrics between electrodes, the effective series resistance 
of the layer considered is indicated by equation 24-114, 
where Xe is the reactance of a capacitor having an electrode 
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area equal that of the dielectric layer, and a separation equal 
to the thickness of the layer. Effective series resistance of 
several layers becomes 


Rs 



Xi^i ohms 


(24*116) 


If there is an air gap between one electrode and the load, 
the effective series resistance of the load becomes 

R. = [(XaX^a) + (XlK^l)] ohms 

where Xa and Xj, are reactances of air gap and load respec- 
tively, and 4>a and 4>j[, are the power factors of the air and the 
dielectric load respectively. Since <!>„, for work below ion- 
izing potentials, may be considered to be zero, the effective 
series resistance becomes 


Rb = (XlK^l) ohms (24*117) 

Suppose that load and electrodes have equal face areas of 
100 square inches, that the load is two inches thick, and 
that there is a J^-inch air space between one electrode and 
the load. If dielectric constant is 3 and power factor is 0.06, 
the reactance of the load alone is 

d X 10^2 

Xl = == 470 ohms 

lA\JeA 

at a frequen(;y of 10 megacycles per second. Effective scries 
resistance is 470 X 0.05 = 23.5 ohms. The reactance 
offered by the air gap alone is 

d X 10^2 

X ss = 350 ohms 

1.41/A 


As an example, a low-loss material with a Q of about 76 
was heated by this method. It was almost impossible to 
heat this material in the usual manner with the available 
oscillator because the loaded-tank Q of the oscillator was 
about 30. When an air gap was used between the load and 



Fig. 24*80 High-Q tank for dielectric heating. 


one electrode the load Q was further increased to about 120, 
or about four times the Q of the normally loaded tank. 
About 10 kilowatts or one-half the oscillator capacity was 
supplied the load at 75 percent of the maximum plate voltage. 
By this method the oscillator was loaded properly. 

Another type of load circuit involves induction heating 
as well as dielectric heating. Tiiis method is used in the 
furniture industry for bonding wood. A conductor carrying 
high-frequency current passes close to the joint to be heated, 
as shown in Fig. 24*81. The electric and magnetic fields 
built up between the two conductors heat the dielectric 

HIGH FREQUENCY 



Fig. 24*81 Wood bonding by dielectric heating. 


Because the power factor of air is zero, the series-resistive 
component of the air gap is zero. Figure 24*79 shows this 

circuit. The solution to the problem 
is similar if the load is considered to 
be a perfect capacitor shunted by a 
pure resistance. 

The discussion of induction-heat- 
ing loads pointed out that the load 
Q must be less than the Q of the 
tank circuit to supply available 
power to the load under some con- 
ditions. By introducing an air gap 
the effective reactance is increased, 
but the resistive component remains 
the same. This means that load Q is increased, because Q 
is the ratio of reactance to resistance or the ratio of kva to 
kilowatts for high-Q loads. 

However, Q of the load without the air gap may be too 
great. To overcome this in extreme cases, the entire tank 
circuit is placed outside the oscillator. Figure 24*80 illus- 
trates this method. The loops at each end constitute the 
inductance L of the tank circuit, and the capacitance of the 
two plane surfaces near the load material form the tank 
capacitance C. The Q of this LC circuit may be made high 
by increasing C and decreasing L. Loads with extremely 
low losses have been heated in this manner. Design and 
operating difficulties prohibit general use of this circuit. 


material in the glue by dielectric heating, and induce cur- 
rents in the glue while it is wet, to produce an additional 
r^R loss. 

There are several methods of arranging the load to approx- 
imate a desired load impedance. An example of the lower 
limit is that of heating a single slab of a dielectric load. This 
load is simply two electrodes, one of which is grounded, the 
other at high potential. 

An alternative is frequently used for heating two slabs of 
the dielectric simultaneously, as shown in Fig. 24*82. The 
two slabs of the same load material usually are identical in 



Fig. 24*82 Paralleled dielertric-heating load. 

shape and size. This arrangement reduces the impedance to 
half that of a single slab. One advantage of this method, 
especially if presses are used, is the reduction of capacitive 
currents to extraneous grounds. Therefore the loaded- 
electrode ratio of kva to kilowatts approaches a minimum for 
a given load. There are numerous parallel-series circuits for 
loads; however, a minimum of circuit paths is most desirable. 


~Jl. 


1 :x«-J350A 
R«0A 

•X«-J470A 
|R>23.5A 


Fig. 24*79 Equivalent- 
load circuit utilizing series 
resistance. 
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Matching Networks 

To transfer power to a load in the best manner, the load 
impedance must be transformed into an impedance which 
can utilize available generator current and voltage most 
favorably. At power frequencies, transformers are used 
often. Actually a transformer is a network consisting of 
reactive components with some losses. 

At high audio-frequencies and at radio-frequencies, the 
use of an iron-core transformer for high power is limited by 
high core losses and stray reactances. At high frequencies 
air-core transformers are used more often. Their leakage 
reactance is large, which implies that regulation is poor. 
Power transformers for the megacycle range of frequencies 
are not generally used to couple dielectric-heating loads 
directly to a radio-frequency generator, but a generator can 
be coupled to a transmission line by means of an air-core 
transformer. 

An impedance arrangement can be used in place of trans- 
formers as a means of transforming a load impedance. To 
minimize losses or increase efficiency of such a network, its 
elements are made as nearly pure reactance as is economically 
justified. The types of networks considered here are those 
reducible to the four-terminal networks shown in Fig. 24-83. 



The T network and the tt network are electrically the same, 
if the components are chosen properly. The following equa- 
tions indicate these relations: 




(24-118) 


where Zq = Z 1 Z 2 + Z 1 Z 3 + Z 2 Z 3 . By emplo 3 dng reso- 
nance, any desired load voltage and current can be pro- 
duced within the limits of practical network components, 
voltage breakdown and corona, and the Q of the generator 
tank circuit if a vacuum-tube radio-frequency generator is 
used. 

Equations 24-114 and 24-115 define the effective series 
and parallel load resistances. For convenience, the effective 
series resistance as defined by equation 24-114 is used 
throughout the remainder of this discussion, unless otherwise 
indicated, and is designated as Rg. Likewise the T net- 
work is used although there is no reason why the t network 
could not be used. 


Both networks have three reactive elements. Networks 
with more than three elements usually can be reduced to 
equivalent three-element networks. These three elements 
form a network capable of performing three basic functions: 
transformation of resistance, transformation of reactance, 
and change of phase. Change of phase is least important; in 
dielectric-heating networks, load-impedance (lesistance and 
reactance) transformation is the most necessary function. 
Load impedance usually is transformed from an impedance 
containing a reactive component as well as a resistive com- 
ponent to an impedance consisting of pure resistance. 

S— QD 
u 

b 

Fig. 24*84 T network with im|)edance elements. 



In Fig. 24-84, Zq represents the impedance into which 
load impedance Zl is to be transformed by the network con- 
sisting of Zl, Z 2 , and Z3. Then looking toward Zl from 
Zof the combination of impedances in the network and the 
load should be equivalent to Z^; also looking from Zl toward 
Zq the network combination should produce an equivalent 
impedance Zjc,. Thus, looking in either direction from a-6, 
an impedance of Zq should be seen; Zl should be seen look- 
ing in either direction from c-d. This is known as matching 
impedances: 


Zq Zl + Z3 
Zl Z2 + Z3 


(24*119) 


ZqZl = Z1Z2 + Z1Z3 + Z2Z3 ( 24 * 120 ) 

These equations are necessary to determine the network 
impedance components if one of the network components, 
Zqj and Zl are known. Zq and Zl are reduced to pure 
resistances Rq and Rg respectively. Any load reactance 
may be considered to be a part (or all, depending upon the 
conditions) of Z 2 , and any generator reactance may be con- 
sidered to be a part of Zi. Another simplifying assumption 



Fig. 24*85 T network with reactance elements. 


is that network impedances may be considered as pure 
reactances, as illustrated in Fig. 24-85. Thus equations 
24-119 and 24-120 reduce to 


and 


Rq _ + X3 

Tg^ X2 + X3 


(24-121) 


-RoRg - X 1 X 2 + X 1 X 3 + X 2 X 3 (24- 122) 


Equation 24-122 may indicate negative resistances; there- 
fore such impedance transformation cannot be accomplished 
by reactive elements with identical algebraic signs. One 
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capacitive (negative) reactance must be used if the remain- 
ing two elements are inductive (positive), or one inductive 
reactance must be used if the remaining two are capacitive. 

One of the simplest networks is the single-element net- 
work, which is easily adjusted. Figure 24*86 represents the 
transformation from the series circuit to the equivalent 


n 

O'-" 

! • f 

n 



T 

n 1 

J 

1 


Fia. 24*86 Single-element network. 


parallel circuit. The desired resistance Rp may be deter- 
mined if the voltage to be applied across the load terminals 
to produce the required power is known. This voltage is 

Rp^Y (24*123) 


where E is the impressed voltage and P is the resultant 
power in watts; then from comparison of the two circuits in 
Fig. 24 *86 

R.^ + X/ 

Rp ^ ohms (24*124) 

Ra 


and 




Ra^ + X, 


X. 


ohms 


(24*125) 


This network is limited in its range of resistance transfor- 
mation. Rearrange equations 24*124 and 24*125 for X, as 
a function of Rp and R^. 

X, = ± V R,Rp - ohms (24 • 126) 


If Rg is greater than Rp^ ecjuation 24 * 126 represents Xg as 
an imaginary number, which is impossible. The single- 
element network can be used only if the desired parallel 
resistance Rp is greater than the efTective series-load resist- 
ance Rg. In equations 24*124 and 24*125 Xg represents 
load reactance as well as an additional series reactance and, 
if the additional series reactance has a resistive component, 
it is included in Rg. 

In transforming Rg into Rp {Rp > R a) the reactive com- 
ponent Xg is changed according to equation 24*125. For 
high-Q loads (Q > 10) the resistive component Rg is small 
compared with the reactive component Xg. Therefore equa- 
tion 24*125 is slightly altered to Xp ^ X,, which means 
that reactance X, is sliunted across the generator. Since 
this transformation does not eliminate the reactive com- 
ponent of the load, it cannot be used to match the charac- 
teristic impedance of a transmission line. However, if the 
load is coupled to the generator by an untuned transmission 
line, the single-element network may be used if the reactive 
component X, (= Xp) does not alter the operating condi- 
tions by changing the frequency of the vacuum-tube radio- 
frequency generator. Usually some adjustment can be made 
on the tank-circuit reactances to correct for this additional 
reactance X, (^ X,), so that the frequency of the generator 


remains constant and power can be delivered to the load 
limited by the transformation of resistance (Rp > R a) and 
limited by the shunting reactances X, (^ Xp). Xp may be 
small compared with one leg of the tank circuit in the radio- 
frequency generator. This effect can be corrected to some 
extent, if Xp is a capacitive reactance, by removing the 
original tank capacitor from the circuit. This means that 
the load circuit serves as the tank-circuit capacitive leg. To 
carry this even further, suppose that the magnitude of Xp 
is much less than either branch of the tank circuit; without 
a different type of network full loading cannot be reached, 
even if the load Q is within the required upper limit. Fre- 
quency, as well as loading, is influenced, depending upon 
Rp and Xp. 

If it is necessary to transform a load impedance with 
resistance Rg into an effective pure resistance Rot greater 
than Rgy the single-element network is unsuitable; but the 
T (or tt) network can be used. As a special case of the T 
network, and L network is used sometimes. This netw^ork, 
being a two-element network, can transform the load imped- 
ance into a pure resistance, so it is more flexible than the 
single-element network. The L network is most suitable if 
the ratio of transformation is 10 to 1 or greater (assuming 
transformation of resistances only, the load reactance being 
a portion of the network components). 

Required shunting reactance X3 can be determined by 

±Xa = VRqR. ohms (24-127) 

indicating that this reactance may be either inductive (+) 
or capacitive (—). The remaining component X2 must be 
numerically equal to X3 and must bear the opposite algebraic 
sign; that is, if X3 is capacitive, X2 must be inductive, and 
vice versa. This network is shown in Fig. 24*87. The 
arrangement showm in Fig. 24*87 can be used for values of 
Rg > Ra but, to reduce the network becomes like that 
shown in Fig. 24 *88. 

If load resistance must be changed by less than about 100 
to 1, a T network is used. X2 may be used to represent only 
load reactance, and this netw ork becomes the familiar unsym- 
metrical T network. Substituting R^^ Rgj and X2 in equa- 
tions 24*121 and 24*122 produces two simultaneous equa- 
tions from which Xi and X3 can be determined. These two 
newly fonned equations reduce to a quadratic equation; 



Fia. 24*87 L network Fig. 24*88 L network 

(transforming up). (transforming down). 


then there are two solutions, or tw’o different sets of netw^ork 
components can be used. 

If the required network components Xi and X 3 are diffi- 
cult to manufacture or are not economically justified, a 
suitable network may be found. One method is to change 
the effective load reactance by using a value of X2 differing 
from the true load reactance. This change can be made by 
adding a series reactance. A variant of this method is to 
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add a series reactance and to keep the values of all network 
components numerically equal. This is the symmetrical T 
network. This network can be solved easily by equations 
24-111 and 24-122. From those equations is defined: 

zh A'a = y/ RaRn ohms 

which is identical to equation 24-127. 

The most common method of obtaining network react- 
ances is to use coils and capacitors to give the desired induc- 
tive and capacitive reactances. If inductances larger than 
seveml microhenrys arc needed, coils ordinarily are used. 
If a small inductance must be variable, its design is difficult, 
especially if the radio-frequency current is large. Because 
maximum network efficiency (minimum network losses) 
usually is desired, the choice of dimensions and conductor 
material becomes important. Power factor is the term 
associated with Q by 

Power factor = (24-128) 

vg2 + 1 

With network coils a high Q is desirable so that the loss is 
minimum. Thus a coil must be designed for minimum resist- 
ance for a given inductive reactance. 

As an example, suppose an L network is to be used with a 
load having Q = 250. If the shunting powcr-factor-correct^ 
ing inductor with Q = 250 is used, the power absorbed by 
the load is roughly the same as the power absorbed by the 
network inductor; therefore power supplied by the generator 
must be approximately twice that absorbed by the load. 

Resistance of the inductive-reactance coil sometimes can 
be reduced even more by using elements of short-circuited 
transmission lines as inductances. High Q can be produced 
with transmission-line elements or stubs. At low frequencies 
transmission-line stubs usually become too long, but at fre- 
quencies above 10 megacycles they are useful. 

Figure 24-89 shows an actual installation using variable 
stubs to correct for changes in the load impedance during 
heating. 

As loading is automatic for a specific load, constant radio- 
frequency power is applied to the load. If, instead of con- 
stant loading, a particular variation in loading is required, 



Fig. 24-89 Diagram of installation employing stubs. 


it is feasible to build equipment to obtain it. The network 
shown in Fig. 24-89 is controlled so that loading varies as 
indicated in the curve of Fig. 24-90. The reason for this 
variation is indicated by the temperature curves, which are 
almost linear. This linearity means that ^sonstant power is 
used by the load, which in this case is desirable. Part of this 


power is produced by the radio-frequency generator; the 
remainder is generated by chemical reactions within this 
particular load. 

Capacitors for networks may be air, gas, or vacuum 
capacitors, if low capacitive reactances are not needed. For 
capacitive reactances with lower losses, open-circuited coaxial 



Fig. 24-90 Operational characteristics of installation. 

transmission-line elements can be used. This type of reac- 
tive element usually is restricted to freipiencies above about 
20 megacycles. 

Capacitors usually have extremely high Q, so their losses 
nccnl cause no concern; but, if large currents are involved, 
the capacitor or parts of it may rccpiirc cooling. This neces- 
sity is infreejuent. 

If the adjustments are critical and the network reactances 
are small, stray reactanc?es of the leads of inductors and 
capacitors become important, especiallj'^ at the higher fre- 
ciuencies. In some circuits the reactances of the leads in a 
branch of a network may be sufficient to seive as that leg 
of the network. 

Because transmission-line stubs utilize standing waves to 
obtain low-loss reactances, voltage and current at various 
points along the length of the stub must be considered. 
Proper insulation is obtained by selection of the dimensions 
and spacing of the stub conductors. Current-carrying 
capacity also is a function of the dimensions. Loss in a 
transmission line is minimized by using a coaxial transmis- 
sion line with a characteristic impedance of about 77 ohms. 
This fact applies also to stubs as reactance elements. If the 
stub is chosen for a particular characteristic impedance, the 
dimensions of the conductors arc then defined. 

Electrodes 

A changing electric field is needed to heat an imperfect 
dielectric. Assuming that uniformity of heating is desired. 
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a specific field distribution, which implies unique shaped 
electrodes, is required. Electrodes may be considered ap- 
proximately as transmission-line sections, devolving into 
simple capacitors if the linear dimensions arc small enough 
to have negligible standing waves. 

If a dielectric sheet is held stationary between two elec- 
trodes and parallel to them, the heating is not uniform if the 
potential varies from point to point along one electrode. 
Assume that a homogeneous isotropic dielectric is being 
heated. If the distance from the point of power application 
on the elctrode to another point is as great as one-eighth 
wavelength the difference in heating is 50 percent; if that 
distance is only one-sixteenth wavelength, the differenc^e in 
heating becomes about 15 percent. Maximum electrical 
dimension from point of power application to any other 
point on the electrode therefore is limited usually to less 
than one-sixteenth wavelength. 

As a guide, equation 24-136 indicates the effective elec- 
trical length of the ele(;trodc as a function of frequency and 
the dielectric constant of the material between the two 
electrodes. 

The decrease in velocity of light traveling through a 
medium with an index of refraction r;, is analogous to electro- 
magnetic waves transmitted along the electrodes influenced 
by the dielectric with a dielectric constant e. Two electro- 
magnetic waves, one light and the other radio waves, are 
slowed according to the reciprocal of the index of refraction. 
The dielectric constant is equal to the square of the index of 
refraction. 

If load re(|uirements require electrodes longer than one- 
sixteenth wavelength, the effective electrical length can be 
changed to make the heating unifonn. One method is to 
place inductive stubs about the edges of the electrodes, as 
in Fig. 24-91. The inductance of these stubs reduces the 



Fig. 24-91 Minimizing standing-wave effect by stubbing. 


standing waves. In other words, stubs tend to cause the 
electrodes, as transmission lines, to be shortened elec- 
trically. 

Electrically long electrodes may be required to build up 
voltage along the electrode, as in continuous heating of 

a material the power factor of 
which decreases during the heat- 
ing process. To feed constant 
power per unit volume into the 
material as it passes between the 
electrodes, electrode voltage must 
be increased, and a constant di- 
electric constant assumed. Fig- 
ure 24-92 illustrates the voltage 
distribution along an electrode fed 
from one end. 

If a hollow dielectric cylinder is to be heated, the standing- 
wave phenomena previously discussed arc not the only fac- 



Fia. 24-92 Voltage dis- 
tribution along narrow elec- 
trodes. 


tors involved. The following equation defines voltage 
gradient in the space between the two electrodes: 


Er = , r2>r>ri (24-129) 

r log. a 

where Er = voltage gradient in work at radius r in kilovolts 
per inch 

E = electrode voltage in kilovolts 
r = distance from axis in work in inches 
(T — ratio of outside to inside radii, r2 and Vi inches 
respectively. 


Er decreases along an outward radial line and is inde- 
pendent of the dielectric constant, if the dielectric fills the 
space between the electrodes. For a required voltage grad- 
ient for a given power density, frequency, and loss factor, 
the necessary electrode voltage can be determined. Equa- 
tion 24-129 indicates that voltage gradient changes from one 
cylinder to the other. This implies a difference in heating 
at the boundaries of the two cylinders and from point to 
point between the two cylinders in a radial direction. The 
ratio of the heating at the ouU^r surface of the inner electrode 
to that at the inner surface of the outer electrode, neglecting 
thermal losses, is 


V 



(24-130) 


This equation indicates whether heating at the surface of 
the inner electrode will be excessive for a given electrode 
voltage, and how much reduction in electrode voltage is 
necessary. 

The foregoing discussion need not be limited to the heat- 
ing of concentric cylinders. For example, the difference in 
heating between two electrodes at a point where the elec- 
trodes make a bend of inside radius Vi and outside radius r2 
can be determined, as Fig. 24-93 illustrates. The material 



between the electrodes is plywood. I'o get the required 
power density in the greater portion of the plywood, wliich 
lies between the flat uncurved portion of the electrodes, an 
electrode voltage of 3 kilovolts is required. Radii ri and r2 
are 2 and 3 inches respectively. Thus from equation 24-129 
the voltage gradient at the surface of the electrode of radius 
ri is 

3 

a- -a 3 7 kilovolts per inch 

log, 1.5 
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and the voltage gradient at the surface of the electrode of 
radius is 

3 

£ ~ 2.48 kilovolts per inch 

3 X log. 1.5 

The ratio of the heating rates can be determined by taking 
the square of the ratio of voltage gradients, or from equation 
24130: 



Thus the heating at the inner electrode is 2.25 times as great 
as that of the outer electrode and is 



times as great as the heating to be expected between the 
flat uncurved portion of the electrodes. If ri and r 2 had 
been sharper, that is, the ratio of r 2 to greater, the differ- 
ence of heating would have been even greater. If, however, 
the radii had been large, so that there was no appreciable 
curvature, then the formulas for plane electrodes would be 
applicable. 

Sometimes a dielectric cylinder has dimensions that make 
it impossible to use electrodes at the ends. For such cylin- 
ders electrodes parallel to the axis may be used, if other con- 
ditions permit it. Such electrodes may be flat, but the 
heating is not uniform because of the non-uniformity of the 
voltage gradient. 

If the heating is to be uniform, a uniform electric field 
must be established in the load. For this analysis the load 
is assumed to be a homogeneous isotropic imperfect dielec- 
tric cylinder, and the field is assumed not to be distorted by 
any conducting materials. 

If a dielectric cylinder in a uniform electric field has its 
axis perpendicular to the electric field, the field is distorted 



Fig. 24*94 Field dMtribution about cylindrical dielectric. 


symmetrically, as indicated in Fig. 24 -94. The field within 
the cylinder is uniform. (For proof of this see: Jeans, Mathe- 
matical Theory of Electricity and Magnetism,) To reproduce 
this condition the electrodes must occupy symmetrically 
equipotential planes. 

Voltage gra^ent inside the dielectric cylinder is defined by 

2 

Ex - ——Bo (24 131) 

< + 1 


where Ex — voltage gradient in the dielectric in kilovolts 
per inch 

Bo = voltage gradient in space before insertion of 
dielectric cylinder in kilovolts per inch 
e — dielectric constant of cylinder. 

An equipotential plane for this particular case is defined by 

/ € - 1 1 ) 2 \ 

B = Bo(r jeosd (24-132) 

\ € + 1 r / 

where E = electrode potential in kilovolts 

Bo — voltage gradient in space before insertion of 
dielectric cylinder in kilovolts per inch 
r = radius vector with origin on the axis of the 
dielectric cylinder in inches 
€ = dielectric constant of cylinder 
b = radius of cylinder in inches 
$ = angular displacement of radius vector and the 
direction of the field 



Fig. 24*95 Equipotential function curve. 

From equations 24*131 and 24 • 132 can be derived an equation 
to define the shape of an electrode as a function of the con- 
ditions of the problem, neglecting end effects: 

C - (€ + l)n - (24-133) 

n 

where C — (E/Ex)b cos the units of which have been 
previously defined 
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€ = dielectric constant of cylinder 
n = ratio of radius vector r and the radius of the 
dielectric cylinder 6. 

Figure 24*95 shows a family of curves of C as a function 
of n for various dielectric constants from 1 to 10. These 
curves show a method of determining the shape of the elec- 
trodes. 

If the voltage gradient in a solid cylinder is 1 kilovolt per 
inch (from ecpiation 24*100), the radius and dielectric con- 
stant of the cylinder are 2.5 and 4 inches respectively. Elec- 



Fig. 24*96 Examples of electrodes for dielectric-heating cylindrical 
dielectric load. 


trodes must have a minimum space of yi inch from the load 
because of electrical and mechanical reasons. Thus n = 1.1. 
For ^ = 0 degrees, C = 2.75 (from Fig. 24*95). The con- 
stant Cy however, is 

E 

C = 

Eib cos 6 

When ^ = 0 degrees 



therefore the electrode voltage becomes E = 2.5 X 2.75 
« 6.88 kilovolts. This gives a basis for determining the 
length of the radius vector r = nb for various magnitudes 
of By so that an equipotential surface can be plotted. 

The following tabulation gives r for values of 6 equal to 


0, 30, 45, 60, and 70 degrees. Those five angles are sufficient 
to determine practical electrode shapes. 


9 

Cos 6 

n 

C 

r 

0 

1.0 

1.1 

2.75 

2.75 

30 

0.866 

1.15 

3.17 

2.88 

45 

0.707 

1.26 

3.89 

3.14 

60 

0.5 

1.50 

5.5 

3.75 

70 

0.342 

2.01 

8.05 

5.02 


Figure 24*96 shows the actual shape of the electrodes. 
The use of polar-co-ordinate paper simplifies this work. 
The edges of the electrodes should be curled up to minimize 
flashover possibilities. 

Many types of electrodes are not easily determined from 
a knowledge of electrical phenomena. Examples of such 
electrodes are shown in Fig. 24*97. Electrodes of similar 
shapes have been applied by numerous manufacturers. The 
principle is that the electric flux tends to take the path of 
least reluctance between electrodes. As denoted by the 


ELECTRODES 



dashed line in the examples shown in Fig. 24*97, the lines 
of flux may be expected to concentrate in the dielectric load. 
Determination of actual shape and position and voltage of a 
given electrode must be determined experimentally. 

Transmission Lines 

The basic transmission-line equations are rewritten here 
for convenient reference: 

E = El cosh yx + IlZq sinh yx (24*134) 
E 

I = II cosh yx + — sinh yx (24 * 135) 

where E = voltage across line at a distance x feet from the 
receiving end in volts 

/ = current through line at a distance x feet from the 
receiving end in amperes 
El, = receiving-end voltage in volts 
II = receiving-end current in amperes 
Zo == characteristic impedance of line in ohms 
X = distance along line from receiving end in feet 
7 = propagation constant, which is equal to the 
square root of the product of the impedance per 
foot and the admittance per foot. It is a com- 
plex quantity and is often written as 7 = a 
+ jfiy where a is the attenuation constant and 
is the phase constant. 

The real part of 7 is the attenuation constant a, the 
function that determines the energy dissipated in the trans- 
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mission lino. The coaxial transmission lino having minimum 
attenuation has a characteristic impedance of approximately 
77 ohms. 

The imaginary term jfi is the phase constant, which defines 
the velocity of propagation and wavelength along the trans- 
mission line: 

2ir 

d = — radians per unit length 
X 

The approximate wavelength for lines is 

9iS4 

X = — 7 = feet (24*136) 

fV, 

where X = wavelength along line in feet 

/ = fi-equency in megacycles per second 
€ = dielectric constant of medium between the two 
transmission-line conductors. 


Equation 24*136 applies to dielectric-heating electrodes to 
determine minimum frequency for given electrode dimen- 
sions, or to the minimum electrode dimension for a given 
frequency that provides the desired uniformity of heating. 

The term 


Zo = 



(24*137) 


where Zo = surge or characteristic impedance of the line in 
ohms 

z = impedance per foot of the line in ohms 
y = admittance per foot of the line in ohms. 


In well-designed lines the attenuation constant a may be 
neglected in comparison with the phase constant /3. By 
neglecting a, equation 24 *137 may be reduced to 


Zo 



ohms 


(24*138) 


where Zq = surge or characteristic impedance of the line in 
ohms 

L = inductance per foot of line in henrys 
C = capacitance per foot of line in farads. 

A transmission line need not always be matched at the 
receiving end for the required transfer of power. If the 
voltage difference between the sending and receiving ends is 
not too great, and the line is less than a quarter wavelength 
long, a match of line and load may not be necessary. Usu- 
ally a matching network is used for lines over an eighth 
wavelength long. Reflected waves can be eliminated by 
terminating the line in a resistance equal to the character- 
istic impedance Zq of the line. If the transmission line is 
properly terminated, the impedance at any point along the 
line therefore is that of a pure resistance equal to Zq. 

If the terminating end is mismatched, reflected waves, 
called standing waves, appear. Voltage and current at any 
point along the line become the sum of the principal and 
reflected waves of voltage and current, gxcessive voltages 
and currents may result from a serious mismatch on lines 
a quarter wavelength long or greater. 


Lines can bo properly matched by use of a radio-frequency 
bridge. A perfect match throughout a heating cycle is rather 
rare, though, so transmission lines usually are designed to 
withstand abnormal voltages and currents. 

At times standing waves are desirable, especially if trans- 
mission-line sections are \ised as impedances in networks. 
This point was mentioned in the discussion of stubs as net- 
work components. 

The tninsmission-line equations indicate that high volt- 
ages and currents can be built up along a transmission line 
by proper termination of it. Excessive voltages may cause 
radiation, which may interfere with communication services, 
and may be objectionable by introducing an extraneous loss 
of energy. Radiating lines must be shielded as required by 
law. This trouble is more prevalent with open-wire lines 
than with concentric lines. 

Reactances of open- and short-circuited transmission line 
sections or stubs now can be determined. If the receiving 
end is short-circuited the terminating voltage becomes zero. 
If the length of the line is / feet, 

E 

Z,, = tanh (a/ + j^l) (24.139) 

== jZo tan ohni-s, a « /3 

where is the impedance at the sending end of the line of 
length /, a is neglected, and tanhj^? ~ j tan A similar 
result is obtained for an open-circuited line. Terminating 
current is zero. Then 


Zot, = jZo cot 01 ohms (24 * 140) 


Figures 24*98 and 24*99 illustrate the change in input 
impedance as a function of the argument 01 in electric^al 
degrees for short-circuited line elements as well as for open- 
circuited line elements. By proper choice of the electrical 
length of the stub, the stub reactance can be made inductive 
or capacitive, whether the stub is open- or short-circuited. 
These cim^es are not valid as ratio of stub reactance to stub 
characteristic impedance approaches plus or minus infinity. 
For low-loss stubs they irulicate the expected reactance. 

For a given high Q a shunting inductive reactance of 
55 ohms at 30 megacycles is re<iuired. Assimie the charac- 
teristic impedance of the line to be 70 ohms. Then the stub 
reactance-to-characteristic-impedance ratio is 0.79. Figure 
24*98 indicates that the electrical length of the stub for this 
ratio is 38 degrees. Converted to feet, the stub length be- 
comes approximately 3.5 feet. 

The curves of Fig. 24 • 99 can l)c used in the same manner 
to determine physical dimensions of open-circuited stubs. 

Stubs, as well as transmission lines, must have adequate 
insulation and current-carrying capacity, for standing waves 
on stubs shift because of a changing load and oscillator 
frequency. 

If equations 24*134 and 24*135 are rearranged to define 
the input impedance of the line as a function of the line 
properties and load impedance, 


^ ^ Z -h Zo tanh yl 

Zg Zq “ 

Zo + Z tanh yl 


(24-141) 
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where Z, = input impedance of line in ohms 

Zq =» characteristic impedance of line in ohms 
Z = load impedance in ohms 
7 = propagation constant in radians per foot 
I = length of line in feet. 

This equation implies a definite impedance transformation 
from the receiving end of the line to the sending or input 
end. It is used in the so-called coaxial line transformer. 
(Open-wirc-linc transformers may be used; however, the 



where Z^ = sending-end impedance in ohms 

Zq « characteristic impedance of the transmission 
line in ohms 

Zi = absolute impedance of receiving end; also equal 
absolute impedance of load 
Ra = series-resistive component of load impedance 
Xi = series-reactive component of load impedance. 
Negative algebraic sign indicates capacitive 
reactance, positive algebraic sign indicates in- 
ductive reactance. 



coaxial-line transformer have the advantage of minimizing 
radiation.) If the attenuation constant of the transmission 
line is small and can be neglected in comparison with the 
phase constant, equation 24*141 may bo rewritten: 


ZZoil + tan* m + j{Z„^ - Z*) tan 01 ^ 

Z, =Zo „ , . (.54- 142; 


or 




"O' 


Zo* + 2* tan* 01 

ZZoil + cot* 01) + jiZo^ - Z*) cot 81 
Z* + Zo*cot/3« 


(24 143) 


One of the simplest transformers is the quarter-wave 
transformer. For a particular length of transmission line 
and frequency, 01 = v/2. Thus 

Z,^iR,-jX{)(^ (24-144) 


The transformation does not con-cct for power factor, but 
if the load is inductive the sending-end impedance appears 
to be capacitive, and vice versa. Openition of such a trans- 
former depends upon frequency of the generator; therefore 
any frequency change caused by the load must be corrected. 

24-8 EXAMPLES OF DIELECTRIC HEATING 

Three applications of dielectric heating are given here to 
emphasize the methods used to solve fundamental problems 
in dielectric heating. Factors other than those given may 
be imposed by a particular application ; for example, limita- 
tions in heating a given product or mechanical limitations 
involving work-handling equipment. 

Plastic Pre-Forms 

A manufacturer of molded-plastic products desires to heat 
plastic pre-forms before molding. The production rate per 
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press is four pre-forms every 30 seconds, and the required 
temperature rise is from 70 to 250 degrees Fahrenheit. Each 
pre-form has its own electrode assembly. The pre-form is 
4 inches in diameter and 1 inch thick. The dielectric con- 
stant of the pre-form material is 7.0, and its power factor is 
0.06. Weight per cubic inch of the plastic material is 0.05 
pound, and its specific heat is 0.5. From equation 24 <104 
the requiitKl thermal power is 

Pi = 17.Gil/c At watts 

volume X density 

M = pounds per minute = 

minute 


A standard 5-megacycie 10-kilowatt oscillator is selected. 
Because electrode dimensions are small compared with one- 
sixteenth wavelength (equation 24-136), X = 75.4 feet. 
This frequency is satisfactory for the size and shape of the 
load. With this choice of frequency, the required voltage 
gradient, from ecpiation 24 • 100, is 


El. = 


Q.llP, 

/*" 


0.71 X 160 
T X 0.42 


4 X IT X 22 X 1 X 0.05 
05 

= 5.02 pounds per minute 
M = 250° - 70° 


= 180°F 


c = 0.5 

Pi = 17.6 X 5.02 X 0.5 X 180 
= 7900 watts 


= 5.3 kilovolts per inch 

To calculate the load impedance the load reactance must 
be computed: 

C = 0.224 X 7 X Y X X 
= 79 X 10~'2 farad 


for four electrodes in parallel. The load reactance is then 

10‘2 

2ir X 5 X 79 X 10" 


Radiation loss for a black Ixaly at 250 degrees Fahrenheit is 
about 1 watt per square inch. If the relative emis.sivity is 
about 0.8, the radiation loss in watts per square inch would 
be 0.8. The total area is 


4ir 



X 2 -b 4 


151 square inches 


= —403 ohms 

Effective series resistance, from equation 24-114, is 
R* = 1 I (power factor) 

= 403 X 0.06 
= 24.2 ohms 


Therefore the total radiated power at 250 degrees Fahren- 
heit is Pi =>= 151 X 0.8 = 120 watts. Convection loss at 
250 degrees Fahrenheit is about 0.5 watt per square inch; 
therefore the convection loss P 3 = 151 X 0.5 ** 75 watts. 
Thermal loss is taken as the average of the sum of the radia- 
tion and convection losses between 70 and 250 degrees Fah- 
renheit and is ^(120 -f 75) = 92.5 watts, since radiation 
and convection losses at 70 degrees Fahrenheit are zero. 
Generator power, neglecting line and network losses, be- 
comes P — 7900 -f- 92.5 = 8000 watts approximately, and 
the required thermal-power density becomes 

8000 

P„ = ^ 160 watts per cubic inch 

50.2 


Assume that an electrode voltage of 10 kilovolts can be 
safely obtained. The required frequency, from equation 
24-107, is 

_ 0.71P. 

Ei^f" 

0.71 X 160 
“ 100 X 0.42 


= 2.65 megacycles per second 

and 

= 10 

=> 10 kilovolts per inch 


Therefore the load impedance is 

Z = 24.2 — j403 ohms 

Because of the position of load and oscillator a transmis- 
sion line is required. Proper impedance transformation of 
line impedance to the oscillator has been previously accom- 
plished. The load now must be matched to the line. Surge 
impedance of the line is 70 ohms = Rq. 

A T network is used with equations 24 - 121 and 24 - 122 to 
determine network components. The known values of 
reactance and resistance are: Rg = 70 ohms; R, = 24.2 
ohms; ^2 = —403 ohms; —RgR, = ^^1X2 + .^1.^3 + 
^2^3; and 

Ra Xi+ Xa 
R, ~ Xi + X'a 

By rearranging equations 24 - 121 and 24 - 122, 

, RaXi‘ 

Xi* = Ra(R. - Ra) + 

Hg 

Xi = -684 ohms, X3 = -f250 
Xi = -f-684 ohms, X 3 = +972 

Therefore the network may be either of two combinations. 
To minimize network PR losses the first combination is 
used. (Xi a 684 ohms with a load-shunting inductance 
having a reactance of 250 ohms). 
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Plywood Bonding 

To increase production rate and improve the quality of 
his product, a manufacturer of plywood cabinets uses dielec- 
tric heating. He wants to bond plywood, in a specific shape 
indicated in Fig. 24 • 100. 

The wood consists of five layers of density 0.0137 pound 
per cubic inch. Specific heat of the plywood is 0.378 calorie 
per gram per degree; dielectric constant and power factor 
are 3.2 and 0.04 respectively. A thermosetting glue which 
sets in 3 minutes at 250 degrees Fahrenheit is used. Pro- 
duction rate is to be 50 pieces per 8-hour day. If 8 minutes 
is chosen as the handling time plus the heating time to 
produce one plywood form, the required production rate 
can be achieved easily. Let the time to increase load tem- 
perature from room temperature (70 degrees Fahrenheit) to 



Fio. 24’100 BondiriK plywood. 


250 degrees Fahrenheit final temperature be 3 minutes. 
Immediately after the load has been heated to 250 degrees, 
the oscillator can be switched to another press while the 
load previously heated is held at the required temperature 
for 3 minutes longer by the heated press. 

Required thermal power, from eejuation 24-104, is 

Pi = 17.6il/c At watts 
density 

M = volume X = pounds per minute 

time 

0.0137 

= 530 X — ; = 2.43 pounds per minute 

3 

c = 0.378 

At = 250 - 70 = 180 

Pi = 17.0 X 1.93 X 0.378 X 180 
= 2900 watts 

Since the press is heated, the only thermal loss is in radia- 
tion and convection from the exposed edges, which have a 
total area of 73 square inches. If the emissivity of the 
wood is 0.8, radiation and convection losses per square inch 
are about 1.3 watts. Total thermal loss becomes 73 X 1.3 
= 95 watts. Total generator power is approximately 
3 kilowatts. 

The load is heated with electrodes conforming to the 
shape of the load. Most of the heating is between the flat 
portions of the electrodes; therefore, average power density 
becomes 


An electrcxle voltage of 2 kilovolts, or a voltage gradient of 

4 kilovolts per inch, is allowable. Then the required fre- 
quency, from equation 24 • 107, is 

0.71P„ 
f = 

= 2 megacycles per second 

This frequency falls within a practical range. To reduce 
electrode voltage further, the frequency of the generator 
selected is 5 megacycles, a standard frequency. Electrode 
voltage becomes 1.25 kilovolts. This reduction of electrode 
voltage minimizes electrode insulation. The electrode 
dimensions are not excessive relative to the wavelength at 

5 megacycles. 

There is a difference in heating at the inner and outer radii 
of the electrodes at the bend in the piece. From equation 
24 • 130 this difference is 



times. To compare the heating at the bend to the heating 
under the flat, uncurved portion of the electrodes, the various 
voltage gradients must be known. From equation 24 129 
the gradient at radius r = 1.5 when the electrode voltage is 
1.25 kilovolts is 

1.25 



1.5 loge 1.33 

= 2.95 kilovolts per inch 
Voltage gradient at radius r = 2 becomes 

1.25 

' 2 X log, 1.33 

= 2.22 kilovolts per inch 

The ratio of the square of the voltage gradients indicates 
relative heating. Therefore the ratio of the square of the 
voltage gradient at r = 1.5 to the square of the voltage 
gradient between the flat, uncurved portions of the elec- 
trodes gives one of the desired comparisons: 



and as another comparison 

( 9 99\2 

2 ^ r = 2 

These ratios indicate 39 percent greater heating at the sur- 
face of the bend of the electrode having the smaller radius 
at the bend than the heating between the flat portions of 
the electrodes. Average heating in the l)end, however, is 
almost equal to that throughout the remaining portion of 
the load. Because of this, and because the load is relatively 
thin, this difference in heating at the bend can be neglected. 

Rayon Drying 

A textile mill usually receives rayon in cakes at about 
1(K) percent moisture content (dry-weight basis). This 


Pv = ~ 5-7 watts per cubic inch 
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moisture content must \yo reduced to about 10 percent. 
Figures 24-101 and 24 -102 show the dielectric properties of 
niyon at 200 degrees Fahrenheit as a function of moisture 
content. 

As an example, a textile manufacturer desires to dry 
50 1-pound cakes (dry weight) per hour. The initial and 



Fio. 24-101 Difloctric (-ousUiiit of rayon versus water content. 

final moisture contents arc to be 100 percent and 10 percent 
respectively. The total volume of rayon cakes heated per 
hour is to ho 5000 cubic inches. Temperature rise is from 
70 to 220 degrees Fahrenheit, or a 150-degree temperature 
increase. Two power components must be supplied by the 
radio-frequency power source. One of these is the power to 
heat the cakes from 70 to 220 degrees Fahrenheit. Another 
power requirement is that needed to evaporate moisture. 
For this particular arrangement about 5 percent of the total 
moisture is removed by the hot air. Thus 85 percent of the 



Fig. 24 • 102 Power factor of rayon versus water content. 

moisture remains to be evaporated by radio-fretjuency 
energy. 

Power required to heat the rayon from 70 to 220 degrees 
Fahrenheit can be further divided into that power necessary 
to heat the dry rayon and that power necessary to heat the 
moisture. The water is assumed to evaporate at 220 degrees 
Fahrenheit, 8 degrees Fahrenheit above boiling point for 


normal pressure because the recirculated hot air is under 
some pressure. 

To minimize vapor pressure about the rayon cakes, hot air 
is recirculated at the rate of 2000 cubic feet per minute, and 
to dispose of the evaporated moisture (45 pounds per hour) 
hot air is exhausted at the rate of approximately 100 cubic 
feet per minute. This exhausted moist air must be replen- 
ished with cool dry air, which must be heated. There are 
also thermal losses through the dryer cabinet. 

These power components can be supplied by a hot-air 
heater; the remainder, the power needed to heat the rayon 
from 70 to 220 degrees Fahrenheit and to vaporize 85 percent 
of the water, must be supplied by the generator. The power 
to heat the 50 cakes of rayon from 70 to 220 degrees Fahren- 
heit in 1 hour becomes P'l, where 

P'l = 17.6 X | § X 150(1.00 + 0.35) = 3000 watts 

since the specific heat of the dry rayon is about 0.35 caloric 
per gram. The power reciuiretl to vaporize 42.5 pounds 
(85 percent) of water per hour is 

42.5 

P"i = 17.0 X X 1)70 = 12.000 wat^s 

00 


Then the total power required becomes P = P\ + P"i 
= 15,000 watts. 

The characteristic cuiwes of the rayon shown in Figs. 
24-101 and 24-102 indicate that the average load is rela- 
tively low, and consequently the line and network losses 
may be expected to be low unless the added air space in the 
electrodes increases the load reactance substantially; there- 
fore a 20-kilowatt oscillator is recommended. As an approx- 
imation, a frequency of 10 megacycles per second is chosen; 
the necessary voltage gradient then becomes 


Pi - 


0.71 X Pv~ 

- fV' . 


kilovolts 


Power density becomes 


15,000 

Pv = = 3.0 watts per inch^ 

5000 


where 50 rayon cakes are beneath the electrode at any 
instant during the drying process. 



Fig. 24 - 103 Electrode shape for rayon heating. 


Voltage gradient in the load beneath the electrode now 
can be determined, assuming constant power input, and 
assuming that the loss factor varies from one end of the elec- 
trode to the other as indicated in Figs. 24*101 and 24*102. 
Assuming an electrode voltage of 10 kilovolts, electrode 
shape and spacing are shown in Fig. 24 * 103. 
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1 

T 


The mean space between the work and the top electrode 
is 3 inches; therefore load reactance and power factor (or Q) 
can be determined approximately. These are such that load 
impedance is Z = 2 — jlOS ohms, 
approximately. See Fig. 24-104 
for this equivalent impedance. 

Average Q of the material only is 
3.4, and the Q of the load circuit is 
54. This high-load Q implies the use 
of high-Q reactance in a matching 
network. The required load current 
is 7 — 90 amperes (rms). 
seems feasible with a 20-kilowatt 


JIOSA 


2 A 


Fio. 24 104 Equivalent 
load impedance. 


This drying process 
10-megacycle generator. 


24-9 ECONOMICS OF HIGH-FREQUENCY 
HEATING 

Induction heating is one of tlie more expensive methods of 
producing heat energy, but its high efficiency frecpiently 
affects the relatively high cost of the energy. In addition, 
it may not be possil)le to hc'at by con\'(»ntional means a 
work piece that can be heated selectively by induction. 



rapid pre-heating is necessary, and dielectric heating is the 
only means of accomplishing it. 

As the technical analysis of new applications often in- 
volves much time and expense, it is advisable to investigate 
the economics of the high-frequency application beforehand. 
The results of this investigation may be used as a guide to 
the maximum utilization of given facilities. 

The curves of Fig. 24-105 show the operating costs in 
dollars per hour for various standard electronic generators. 
Total operating costs are broken down into several com- 
ponents, two of which are shown. Total cost and amortiza- 
tion cost are shown in bands of approximately 25 percent to 
allow for costs of accessories such as work-handling fixtures 
and mechanisms for normal applications. Input-energy 
cost is shown at $0.01 per kilowntt-hour; therefore, if the 
actual cost of energy differs from this, a (correction can be 
made. If a generator must be operated at reduced load, the 
necessary correction can be made by subtracting from the 
total operating cost per hour the corresponding reduction 
of loading (energy cost), then adding 10 percent of the 
original energy cost to take care of the stand-by pow’er con- 
sumption of the generator. For example, suppose a 200- 
kilowatt generator is to be used at lOO-kilowatt output. 
Assuming a full-load operating cost of $6.90 per hour, 

$6.90 — (0.5 X 4.07) + (0.1 X 4.07) = $5.28 per hour 

This is a fair approximation of the cost of operation between 
50 and 90 percent of full load. 

The cur\'es of Fig. 24 • 105 arc leased on an assumed opera- 
tional factor of 100 percent, which is seldom realized. Some 
of the other curves show' the effects of ^'arious operational 
factors on cost. The curves of Fig. 24-105 repres(?nt oper- 
ating costs of induction-heating generators of 5-, 10-, 20-, 
50-, 100-, and 200-kilowatt ratings. 411080 curves are also 
good for (lielectric-lu'ating generators of 2-, 5-, 10-, 20-, and 
50-kilow’att ratings only. Operating cost for a 100-kilowatt 
dielectric-heating generator is slightly higher than that indi- 
cated on the curve for the lOO-kilowatt induction-heating 
unit, and costs of w'ork-handling equipment probably \’ary 
over w ider liir.its than those indicated on the curve. 



Fig. 24-106 Co.st per kilowatt-hour versas generator rating. 


Electrical non-conductors usually are poor conductors of 
heat, and thick pieces are difficult to heat by conventional 
means. With dielectric methods, the heat is generated uni- 
formly throughout the piece, if the piece is homogeneous. 
In some molding processes using thermosetting materials. 


Figure 24-106 shows costs per kilow'att-hour for various 
generator ratings. The component of input energy at $0.01 
per kilowatt-hour is showm so that corrections can be applied 
if actual costs differ from the $0.01 rate. Cost per radio- 
frequency kilowatt-hour does not change appreciably for 





426 


Radio-Freqmncij Heating 


Chapter 24 


ratings above 20 kilowatts for a cost rate of $0.01 per kilo- 
watt-hour. Usually ratings of 100 kilowatt or more are 
installed where energy (‘an be purchased at rates lower than 



$0.01 per kilowatt-hour; therefore, after applying a correc- 
tion for a lower energy cost, the total operating cost of the 
larger generator is less than the values shown in Fig. 24 • 106. 



Figures 24*107 and 24*108 show costs per piece versus 
pieces per hour for various sizes of generators from 5 to 100 
kilowatts. After heating time and handling time have been 



Fig. 24*109 Cost per pound versus pounds per hour. 

determined, the minimum cost per piece can be read from 
the curves for the maximum production rate, or at 100 
percent operational factor. The effect of any operational 


factor on the cost per piece can be seen from these 
curves. 

Figure 24*109 shows the cost per pound of heating steel 
from 50 to 1400 degrees Fahrenheit with a 20-kilowatt gen- 
erator, when the process is continuous. The effect of frac- 
tional production rates on the cost per pound can be deter- 
mined from this curve. 

Figure 24*110 shows the variation of cost per ton of flow- 
ing electrolytic tin-plated steel strip of a given size versus 
production rate, with a 600-kilowatt generator. The three 


FEET PER MINUTE 



Fi( 3. 24*110 Relative operative cost per ton versas tons per hour. 

components of total cost are shown as amortization (36,000 
hours), tube replacement cost, and energy cost at 2.5 mils 
per kilowatt-hour. 

24-10 TYPICAL INDUSTRIAL APPLICATIONS 
Induction Heating 

One of the earliest applications of industrial induction 
heating was the melting of metals. Figure 24*111 shows 
the pouring of a special steel alloy from a 1-ton induction 
furnace. Furnaces of this type are widely used in the manu- 
facture of special alloys such as nickel-chromium steel and 
some silver alloys. Su(‘.h furnaces provide rapid, well- 
controlled, highly efficient heating. They also minimize 
product contamination. A close-up view of an induction- 
furnace installation is shown in Fig. 24*112. 

The application of induction heating to forging is sliown 
in Fig. 24*113. Here bars are heated inductively and then 
transferred to the nearby forging machine for the next oper- 
ation. Figure 24*114 shows a similar induction furnace for 
heating 75-millimeter gun tubes. 

A third application of induction heating is in soldering, 
brazing, and welding. This joining process is not neces- 
sarily limited to either high- or low-frequency heating. 
Figure 24*115 illustrates an application of low-frequency 
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brazing. Here a current-boosting transformer feeds a single- Zonal heating was a result of the development of induction 
turn inductor. The frequency is within the range of rotating heating. Low-frequency heating became the first employed 
machines. Another typical application is the brazing of for heat treating. Now the applications of machine- 
capacitor cans. This is generally accomplished at a fre- frequency heating are numerous and varied. One such 



Fia. 24*111 Induction molting; of special steel alloy. (Courtesy of 
Ajax Klee trot hermic Corporation.) 

quency of several hundred kilocycles per second. An exam- 
ple is shown in Fig. 24^116, where a single-turn hairpin heater 
coil is used. Radio-frequency current is secured by means of 
an air-core current transformer. To minimize lead impedance, 
flat-bus-type leads are used. Another brazing application 



Fia. 24*112 Induction>heating f urnace installation. (Courtesy of Ajax 
Electrothermic Corporation.) 


is shown in Fig. 24*117, where brass flanges are brazed to 
the ends of a brass tube. As in Fig. 24*116, radio-frequency 
currents are produced by an air-core current transformer, 
which is directly in front of a generator. 



Fiq. 24*113 Induction-heating forge shop. (Courtesy of Ajax Klcc- 
trothermic Corporation.) 


application is the continuous heat treatment of bar stock. 
Intricate mechanisms handle the material being treated, as 
shown in Fig. 24*118. Even more interesting is the harden- 
ing of the l^earing surfaces of crankshafts. This application 




Fia. 24*114 Ind^uction-heating gun tube with 9600 cycles. (Courtesy 
of Ohio Crankshaft Company.) 


requires an intneate machine with complex timing mechan- 
isms. An operator may be seen inserting a crankshaft into 
such a machine in Fig. 24 * 119. Machine frequencies usually 
are used if deep casehardening is desired. An example is 
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■ ' ' Fia. 24-118 Continuous heat treating of bar stock with rotating 

Fig. 24*115 Low-frequency induction brazing. (Courtesy of Ajax machine frequencies. (Courtesy of Ohio Crankshaft Company.) 
Electrothennic Corporation.) 



Fig. 24*116 High-frequency induction soldering of capacitor cans. 



Fig. 24*120 A 30-inch-diametcr, 6-inch-face, l^pitch sprocket con- 
tour-hardened using 9600 cycles. (Courtesy of Ohio Crankshaft 
Fig. 24*117 Brazing flanges to ends of tube. Company.) 
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the contour-hardened sprocket of Fig. 24 '120. Contour 
hardening is not limited to low frequencies. Figure 24-121 
illustrates a gear contour-hardened at high frequency. The 
relation between case depth and frequency is not so simple 
as the depth-of-penetration formulas (equations 24-8 and 



Fig. 24*121 Contour hardening of 4-inch-diainetcr spur gear with 450 
kilocycles. Such results obtained if heating time is relatively short. 
Heat flow by conduction must be minimized. (Courtesy of Ohio 
Crankshaft Company.) 


24*9) indicate. This relation is complicated, being a func- 
tion of the electrical, physical, and thermal properties of the 
material as well as a function of heating time. Selection of 
the proper frequency is based upon experience combined 
with the depth-of-current-penetration equation and the 
dimensions of the piece to be heated. Another application 
is hardening wrist pins. A typical hardened wrist pin is 
shown in Fig. 24*122, where both transverse and longi- 
tudinal sections arc shown. Work pieces of small cross sec- 
tion usually are best heated at higher frequencies. 



A common production-line application is the annealing of 
the ends of pins used as chain links. Figure 24 123 illus- 
trates the mechanism for handling and processing these pins, 
and Fig. 24*124 illustrates the induction heating coils and 
their associated adjustment mechanisms. Here both ends 
of the pins are treated simultaneously. 

Another application is tin fusion. Some tin lines fuse 
electro-plated tin on steel strip 30 inches wide and 10 mils 
thick at the rate of 1000 feet per minute. One typical tin 
line and heater coil are shown in Fig. 24*125. 


Dielectric Heating 

One of the most common dielectric-heating applications 
is the gluing or bonding of plywood. Plies of various shapes 



Fig. 24*123 Annealing link pins. (Courtesy of Whitney Chain 

Company.) 


and sizes can be heated quickly for bonding with thermo- 
setting glues with few handling problems. Two differently 
shaped plywood loads are shown in Figs. 24*126 and 24*127. 
Figure 24*126 shows simultaneous bonding and forming of a 
plywood board of unusual shape. A simple pre-bonded 
plywood board is being placed in the press shown in Fig. 
24*127. 



Fig. 24*124 Annealing link pins. (Courtesy of Whitney Chain 

Company.) 


Another popular use is heating plastic pre-forms. A good 
example of this is shown in Figs. 24 * 128, 24 * 129, and 24 • 130. 
In the first figure the plastic pre-forms are shown being 
placed between electrodes fed by a radio-frequency gen- 
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Fio. 24*126 Plywood bonding. 


Fig. 24*128 Heating pre-forms. (Courtesy of Hemco Plastics Divi* 
sion of Bryant Electric Company.) 










Fia. 24 >132 Twbt setting. 

twist stilting. The moisture content is maintained with the 
aid of the cellophane wrapping. 


I I 




\ 





Fio. 24*130 Removing finished product from press. (Courtesy of 
Hemco Plastics Division of Bryant Electric Company.) 


Fiq. 24*133 Inserting raw Micarta boards in press to be cured by 
radio-frequency heating. 
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Fiq. 24*134 Removing radio-frequency cured Micarta boards. 






Fig. 24*138 Latex is inserted in radiofrequency oven. (Courtesy of 
Firestone Tire and Rubber Company.) 


Fig. 24*135 Mixing latex. (Courtesy of Firestone Tire and Rubber 

Company.) 
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Fig. 24*140 Removing mattress from mold. (Courtesy of Firestone 
Tire and Rubber Company.) 


In the heavy plastics industry one application is the 
curing of large plastic boards. Such an application is shown 
in Figs. 24 • 133 and 24 • 134. In the first is shown the loading 
of the press with raw material, and the second shows the 
removal of the cured boards. In this application the heat- 
ing cycle has been reduced from 6 hours to 1 hour. 

Another prominent application of dielectric heating is 
that of curing sponge rubber for mattresses. The process 
really begins with the proper mixing of the latex and the 
pouring of the mixture into the mattress mold as shown in 
Figs. 24 • 135, 24*136, and 24*137. The mold containing the 
uncured latex is then inserted into the radio-frequency 



Fig. 24*141 Removing mattresw from mold. (Courtesy of Firestone 
Tiro and Rubber Company.) 


furnace. Men are seen performing this operation in Fig. 
24*138. A 100-kilowatt 13.6-megacycle generator can be 
seen in the air-conditioned room above the curing oven. 
After the proper curing time has elapsed the mattress is 
taken out of the oven and removed from the mold. The 
finished pre-washed mattress is shown in Fig. 24*142. 



Fig. 24*142 Finished pre-washed mattress. (Courtesy of Firestone 
Tire and Rubber Company.) 

24*11 DATA AND FORMULAS 

The tables and formulas in this section give the designer 
and operator of high-frequency heating apparatus a few of 
the necessary physical constants and formulas. 


Table 24*6 Physical and Klectrical Constants of Metals 
(Temperature is 20®C unless specified otherwise) 



Resistivity 

Temperature 



Thermal 


(iiiicrohm- 

Coefficient of 

Specific 

Specific 

Conduc- 

Metal 

centimeters) 

Resistivity 

Gravity 

Heat 

tivity 

Aluminum 

2.69 

0.0042 

2.70 

0.214 

0.48 

Barium 

9.8 

0.0033 

3.78 

0.068 


Beryllium 

18.5 


1.8 

0.397 

0.385 

Bismuth 

120 

0.004 

9.8 

0.029 

0.019 

Brass 

(See Fig. 24 • 1.50.) 

8.6 

0.094 

0.204 

Bronxe 

17 

0.0005 

8.8 

0.086 

0.18 

Carboloy 

19.6 



0.052 


Carbon 

3500 at 0®C 

-0.0009 

3.. 52 

0.165 


Calcium 

4.59 

0.00364(0-600*0 

1.54 

0.157 


Chromium 

13.1 


6.92 

0.11 

0.165 

Cobalt 

9.7 

0.0066 (0-l00®C) 

8.71 

0.10 

0.165 

Constantan 

42.4 

Negligible. 0-100*C 

8.88 

0.098 

0.a54 

Copper, annealed 

1.724 

0.0039 

8.89 

0.093 

0.918 

Copper, hard-drawn 

1.77 

0.0038 

8.89 

0.093 

0.918 

Gold 

2.44 

0.0034 

19.3 

0.032 

0.70 

Invar 

71 

0.002 

8.0 

0.12 

0.026 

Iron, pure 

10 

0.005 

7.8 

0.11 

0.16 

Iron, cast 

79-104 


7.03 

0.12 

0.11 

l^ad 

22 

0.0039 

11.4 

0.036 

0.083 

Magnesium 

4.6 

0.004 

1.74 

0.246 

0.376 

Manganese 

5 


7.42 

0.121 


Manganin 

44 

O.OOOOl 

8.4 

0.097 


Mercury 

96 

0.00089 

13.6 

0.033 

0.148 

Molybdenum 

5.7 

0.0047 

9.1 

0.065 

0.35 

Monel metal 

42 

0.002 

8.9 

0.127 

0.06 

Nichrome 

100 

0.0001 

8.2 


0.032 

Nickel 

7.8 

0.0054 

8.9 

0.105 

0.14 

Palladium 

11 

0.a)33 

12.2 

0.056 

0.168 

Phosphor-bronse 

7.8 

0.0018 

8.9 



Platinum 

10 

0.003 

21.4 

0.0.35 

0.167 

Silver 

1.59 

0.0038 

10.5 

0.057 

1.006 

Sodium 

4.3 at 0«C 

0.0044 

0.97 

0.295 

0.322 

Steel, carbon ♦ 

(See added reference.) 




Tantalum 

15.5 

0.0033 

16.6 

0.036 

0.130 

Thorium 

18 

0.0021(20-1800*0 

11.5 

0.027 


Tin 

11.5 

0.0042 

7.3 

0.054 

0.155 

Tungsten 

5.5 

0.0045 

19 

0.034 

0.476 

Zinc 

5.8 

0.0037 

7.1 

0.088 

0.265 

Graphite 

800 at 0®C 


2.25 

0.17 

0.057 


* Reswtivity of nioela at 20®C may b® approximated by p — 11.25 -f 4.6 (c — 0.02) 
microiim-ccutimetcr, where e — percent of carbon in steel. Temperature coefficient 
of resistance of carbon steel ia taken to be 0.0043 microhm-centimeter per degree 
centigrade. Specific heat of carbon eteels heated from room temperature to hardening 
temperatures may be taken to be 0.16. The foregoing properties of materiala have 
been compiled from various handbooks. For more extensive data relative to alloys, 
refer to information published by the manufacturer of the alloy in question. 





434 


Radio-Frequency Heating 

Table 24 '6. Characteristics of Dielectric Materials 


Chapter 24 


Name 



Sp. 

Ht, 

Soften- 




15 Me 


Remarks 

gm/cc 

■ 

ing 

Temp. 


■ 

B 


■ 

■ 

p-f 

■ 

■ 

P-f 

« 

B 


■ 

B 

Amber 

1.1 

.04 



250*C 

.002 

2.9 

.0058 














.tsbeetoa aheet 

0.5 

.0181 


.195 


.32 

4.6 

1.46 

.21 

4.1 

.86 

.15 

3.9 

.585 

.12 

3.8 

456 

.08 

3.3 

.264 


Aabeetoa aheet impregnated with 






















thermoeetting plaatio 















.0015 

1.022 

00153 





Beeewax, yellow 

.96 

.0348 



60*C 

.016 

3.2 

.0511 














Cellubae acetate 

(1.3 

1 1.5 

.047 1 
.054) 

.0005 

.45 


.099 

4.6 

.455 














Celluloee nitrate 

1.42 

.053 

.0003 

.36 

60-90*C 

.085 

6.18 

.525 














Chocolate, cake form 


















.0241 

3.26 

.0786 


Cottonaeed 




















.04 


Fiber-bone, vulcaniaed 

1.3 

.047 

.0011 



.05 

5.75 

.25-. 27 














Filterboard, grey 


















.085 

5.1 

.434 


Filter sheet, C-588 


















.066 

4.1 

.27 


Fiber aheet, apauldite GB-1 


















.034 

4.43 

.15 


Inaanol (My^ex) 

3.5 

.126 

.0014 



.001 

7.5 

.0075 

.001 

7.5 

.0075 

.001 

7.5 

.0075 

.001 

7.5 

.0075 

.0012 

7.5 

.0093 

A very good insulator. 






















Given for oompariaon. 

Nylon 




.55 


.028 

3.3 

.0925 

.024 

3.3 

.079 

.024 

3.3 

.079 

.024 

3.25 

.078 

.022 

3.2 

.075 


Paper, corrugated asphalt im- 






















pregnated 









.022 

1.42 

.0315 

.022 

1.42 

.0315 

.020 

1.42 

.024 

.020 

1.4 

.028 


Plexiglaa 









.022 

2.78 

.061 







.017 

2.78 

.047 


Rubber, pure gum 












.007 

2.15 

.015 




.01 

2.15 

.0215 


95% uncured 

2.4 

.0866 










.012 

3.25 

.039 




.012 

3.2 

.0384 


95% cured 

3.6 

.13 










.037 

4 

.148 




.03 

4 

.12 


Medium grade, uncured 

4.5 

.162 










.018 

5 

.090 




.015 

5 

.075 


Medium grade, cured 

4.3 

.155 










.10 

6 

.60 




.082 

5.8 

.475 


Low-grade, uncured 

4.6 

.166 










.02 

6 

.12 




.018 

5.9 

.106 


Low-grade, cured 

4 2 

.152 










.103 

7.4 

.764 




.068 

6.9 

.47 


Reclaimed 

5.6 

.202 










.03 

4.6 

.138 




.025 

4.5 

.113 


Pure pale crepe 












.004 

2.1 

.0084 

.004 

2.1 

.0034 

.005 

2.2 

.0105 


Buna S, pure 












.006 

2.2 

.0132 

.006 

2.2 

.0132 

.007 

2.2 

.0154 


With carbon black 


















.028 

10.7 

.29 


Synthetic, crumb 


















.00281 

1.87 

.00467 


Shellac 

1.01 

.0364 




.000 

3.1 

.028 














Soybean oil 

.92: 

.0334 


.5 

-10"C 







.098 

1.9 

.175 

.088 

2.3 

.21 

.07 

2.5 

.175 


Tobacco, green, uncured 












.168 

2.57 

.432 








Twine, paper, apoola, 20% rooia- 






















turc 












.07 

2.4 

.16 








Wheel, grinding. 85% Alundum 












.031 

6.9 

.214 




.038 

6.5 

.247 


Grinding. 80% Alundum 












.067 

11.4 

.765 







L 

Wood, bir<^ 

.63 

.0238 

.0003 


1 

.0648 

5.2 

.337 














Maple 

.62 

.0224 

.00038 



.033 

4.4 

.145 













> 8p heat of wood * 

Oak 

.69 

.025 

.00035 



.0385 

3.3 

.127 













1 .226 -f .000644 

Plywood (fir) 

.41 

.0148 

.00027 









.035 

3.1 

.1085 







(r^2) where r is ‘F. 

Plastic pRx-FoiufB 


Rennoz 1337 






mSM 

4 

.212 

.049 

3.9 

.19 

.045 

3.9 

.175 

.045 

3.8 

.171 

.045 

3.7 

.166 


Reeinox 3828 

.80 

.029 







.06 

4.4 

.264 

.05 

4.4 

.22 

.047 

4.4 

.207 

.052 

4.4 

.26 


Reainox3942 









.05 

3.6 

.18 

.051 

3.6 

.183 

.053 

3.6 

.19 

.062 

3.6 

.223 


Reaioox6542 









.039 

2.65 


.04 

2.65 

.106 

.041 

2.65 

.109 

.044 

2.7 

.119 


ReainoxfiSfiS 









.049 

3.4 

.166 

.052 

3.5 

.182 

.053 

3.55 

.188 

.059 

3.6 

.212 


Reainox6570 

.55 

.0199 




EHl 

4.92 


EI3 

4.67 

.25 

.059 

4.53 

.27 


4.45 

.28 

.053 

4.17 

.22 


Reeinox 6905 









.046 

2.95 

.136 

.046 

2.95 

.136 

.047 

2.95 

.138 

.048 

2.95 

.141 


Reeinox 7013 

.70 

.0252 




QQI 

3.79 

.052 


3.73 

.038 

.0096 

3.73 

.036 

EI^ 

3.73 

.034 

.0087 

5.67 

.032 


Resinox 7934 







3.6 

■Ml 


3.6 


.0073 

3.6 

.0263 

WMySI 

3.6 

.0260 

.0075 

3.6 

.0270 


Bakelite BM120 black 

.5 

.018 


.35-. 40 



4.11 

.14 

lEini 

3.95 

.17 

.052 

3.84 

.20 

.053 

3.77 

.21 

.047 

3.6 

.17 


BM261 black 

.85-. 90 

.0316 


.30 














.052 

4.7 

.24 


BM1132 black 

.11-. 17 

.005 


.35-.40 


EI3 

3.27 

.11 

.040 

3.18 

.13 

.042 

3.12 

.13 

.043 

3.06 

.13 

.049 

2.98 

.15 


BM2498 black 

.58-. 62 

.0216 


.35-. 40 














.047 

3.4 

.16 


BM3200 black 

.52-. 56 

.0195 


.35-. 40 














.043 

3.5 

.15 


BM3510 black 

.09-. 12 

Ena 


.35-. 40 



3.19 

.11 

Em 

3.11 

.12 

.049 

EED 

.15 

Em 

EO 

.14 

.038 

3 

.11 


BM6102 black 

.60-. 62 

.022 
















.044 

3.5 

.15 


BM6260 black 


.015 




ESI 

3.84 


.0099 

3.8 

Em 


3.8 

.035 


3.77 

.03 

.0081 

3.75 

.03 

Thermal conductivities 

BM8041 black 

.60-.64 

.024 


.28-.32 














.065 

4.2 

.28 

of pre-form mate- 

BM9131 black 


.019 


.28-. 32 














.013 

2.9 

.04 

rials in the order of 


.68-. 72 

.0253 


.28-. 32 














.062 

4.3 

.27 

.0003 (cal/sec/sq 


.27-. 32 

.0107 


.35-. 40 














.062 

3.5 

.22 

om)/(*C/om) 


.81-.85 

.03 


.28-.32 














.016 

3.6 

.06 


BM14111 tan 

.12-. 18 

.0054 


.35-. 40 














.054 

2.5 

.14 



.78-. 83 

.029 


.28-. 32 














.009 

3.4 

.03 



.55-.59 

.0206 


.35-. 40 














.068 

4.0 

.28 



. 12-. 16 

EZa 


.28-. 32 














.065 

3.1 

.20 


Durea 75 






.036 

4.03 

.18 

.041 

4.70 

.19 

.045 

4.65 

.21 

.046 

4.57 

.21 

.051 

4.4 

.22 


n5-B 






.026 

4.31 

.11 

.029 

4.26 

.12 

.034 

4.20 

.14 

.035 

4.13 

.15 

.041 

4.01 

.17 


700 






.038 

4.89 

.19 

.049 

^ 7? 


.055 

4.56 

.25 

.055 

4.47 

.25 

.056 

4.28 

.24 


11540 






.039 

4.72 

.19 

.047 

* 1? 

E ■ 

.050 

4.44 

.22 

.055 

4.30 

.24 

.050 

4.18 

.21 


14-SB 






Ena 

4.89 

.19 

.052 

[ ^ 

jp ■ 

.056 

4.52 

.25 

.058 

4.4 

.26 

.060 

4.10 

.25 


1863 









ESE 


jf Q 







.0072 

3.00 

.0216 


Pla8kon3555 






.035 

4.28 

.15 

.036 

1 


.037 


.15 

.035 

3.96 

.14 

.035 

3.89 

.14 


Mc4mac592 






.032 

4.73 

.15 

.033 

£ 

jt a 

.034 

4.52 

.15 

.035 

4.45 

.15 

.035 

4.38 

.15 


Melniac3020 






.017 

2.98 

.051 

.022 

t 

123 

.028 

2.88 

.080 

.028 

2.84 

.0795 

.0284 

2.81 

.080 


Mdmac 86008 










i * 

g 

.016 

3.25 

.052 

.016 

3.25 

.052 

.016 

3.28 

.052 



Ptre'foriD note: -Average epeetfie hente for pre-forme are 
Qeneral-purpoae, «ood-flow>fiUe<l, 35 to .40 
Impact materiala, eeUuloee-611ed, 35 to .40 
HeaVeeiietant, aabesto»4lled, 38 to 32 
Electrical materiala, mica-filled, 38 to 32 
Chemical-rcmetaot materiala, 38 to 32 

General note: p-f » power factor 

« -> dielectric conatant 
« loae factor 


Pre-form note: PTe-form power factora given above are internal 
power factora for the pr^onn. When uaing atandard eleotrodea 
and cagea, multiply by the following correction factor to correct 
for diatributed capacity: 

So air gap, .68 
H* air gap, .42 

General note: correct all ppwct factora for diatriliuted capadty of 
eleotrodea and ahielding. 


General note: Thermal conductivity expreaaed aa (oal/aee/aq 
cm)/(®C/cm) 
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Fig. 24-143 G,Q, and i* functions for cylinders. 
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2 0.3 0.4 0.5 0.6 

X/t 

Fiq. 24*145 Field distribution K factor. 


0.1 0.2 


Fio. 24*146 Field distribution K factor. 


ELECTRICAL RESISTIVITY OF BRASSES 
(COMPILATION FROM VARIOUS SOURCES) 


13% 19% 


REtltTlVlTV or STAINLCtt fTKlL 
COMPOSITION 

C SI Mn Nl 

A O.OS'O.tS O.SO 0.50 

• O.IC 0.10 0.40 0.80 

C O.SO-0 40 O.tO 0.S5 

0 O.SS O.TS 0.40 0.4t 


NOTE 

NUMERALS GIVE % WT. OF ZINC 
DOTTED LINES INDICATE INTERPOLATION 


20 30 40 50 

MICROHMS PER 

Fio. 24*147 Electrical resistivity of brasses. 


Fiq. 24*148 Electrical resistivity of stainless steels 
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RESISTIVITY OF STAINLESS STEELS 
(AT 100* 0) 
COMPOSITION 

C SI Mn 

0.25 I.2S-I.50 0.60-‘0.S0 

O.Ot-O.tO 0.70 0.60 

0.25 2.2S-S.OO 0.50-0.70 

0.20 0.75 1.00 


IBHm 

W/& 


nKBOnUBHIi 

BBBBBB 


10 IS 

PERCENT CHROMIUM 


SPECIFIC HEAT 


Fig. 24 149 Elt*ctrical resistivity of stainless steels. 


Fig. 24*150 8pi*eifie-heat curve of hrasse 


TEMPERATURE *0 
MELTINO POINT OF CARBON STEELS 

Fig. 24*151 Melting point of carbon steels 
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TEMPERATURE DEGREES PAHRENHEiT 

Fig. 24 152 Heat content of iron. 


Table 24-7 Conversion Factors 


Conver.si‘ly 


To Convert 

Into 

Multiply By 

Multiply By 

Ampere-turns 

gilberts 

1.257 

0.7958 

.\ini>ere-tums/in. 

gilberts/eiu 

0.495 

2.021 

Btu 

joules 

1050 

9.48 X 10 -* 

C'al/sec/cm/®C 

Btu/hr/ft/°F 

0.00413 

242 

Cal/gm 

Btu/lb 

1.8 

0.5555 

Centigrade 

Fahrenheit 

-f 32 

- 32) 

Cu in. 

cu cm 

16.39 

6.102 X 10-* 

Cu in. 

galloas 

4.329 X 10“* 

231 

Erg 

joule 

10-^ 

10^ 

Gauss 

lines /sq in. 

6.452 

0.1550 

Grams/cu cm 

Ib/cu in. 

0.03613 

27.68 

Grams 

pounds 

2.205 X 10-* 

453.6 

Inches 

centimeters 

2.54 

0.3937 

Joules 

calories 

252 

3.968 X 10-* 

Kilowatt-hours 

Btu 

3413 

2.930 X 10-* 

Liters 

cu cm 

10* 

10* 

Liters 

gallons 

0.26418 

3.783 

Sq in. 

circular mils 

1 .273 X 10* 

7.854 X 10”^ 

Sq in. 

sq cm 

6.452 

0.155 

Watts 

Btu/min 

0.05688 

17.58 

Watts 

cal/sec 

0.2389 

4.185 

Watts 

crgs/sec 

10^ 

10-7 

Meters 

feet 

3.281 

0.3048 


Useful Fonnulas 

Thermal. Load-ThermalrPower Requirement. 

P\ * 17.6Mc lU watts 

where Pi * load-thermal-power requirement in watts 
M » pounds per minute of load material heated 
c » specific heat of load material 
A/ » temperature rise in degrees Fahrenheit. 


Radiation Loss. 



(Il\] 

Alooo/ 

VlOOO/ . 


where P 2 — radiation loss in watts per square inch 
e = relative emissivity 

Ti = temperature of radiating surface in degrees 
Kelvin 

T 2 = ambient temperature in degrees Kelvin 
7’ = ^9 degrees Fahrenheit + 255.4 degrees Kelvin 

Convection Loss. 

P3 = 4.66 X 10-^ (A/)* 

where P3 = convection loss in watts per square inch 
Af = degrees rise in degrees Fahrenheit. 

Alternating Current. Coil Voltage. 

E = 2.86/iVPo X (Ac - 

where E — coil voltage in volts, rms 

/ * frequency in cycles per second 
N = total number of turns in the coil 
Ho » peak magnetizing force in oersteds 
Ac ^ cross-sectional area of coil in square inches 
Al »* cross-sectional area of load in square inches. 

This formula should not be used if the depth of penetra- 
tion within the work is not small compared with the cross- 
sectional dimensions of the load. See the text for more 
accurate treatment. 
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Coil Current. 



n 


where I = coil current in amperes, rms 

Hq = peak magnetizing force in oersteds 
n « coil turns per inch. 


Power-Factor Correction of Load Coil hy Shunting Ca^ 
pacitor. 



where C = required capacitance in farads for complete 
power-factor correction 
L = inductance of loaded coil in henrys 
Z = absolute impedance of loaded coil. 


Power-Factor Correction of Electrodes hy Shunting In- 
ductance. 


L = CZ^ 


where L = required inductance for complete power-factor 
correction in henrys 

C = capacitance of loaded electrodes in farads 
Z = absolute impedance of loaded electrodes. 


Maximum Current Amplification in Parallel Resonant 
Circuit. 


Il ' Z 

— = — - Q when Q > 10 

I. R 


where II 

Z 

R 

Q 


current in amperes in inductive leg 

generator current in amperes 

impedance in ohms of inductive leg 

resistance in ohms of inductive leg 

ratio of resistance in reactance in inductive leg. 


T-Network Equations. 

Ra X, + Xa 
£ “ X2 + X3 


where L =» coil inductance in microhenrys 
N number of coil turns 
I — coil length in inches 

Ac = cross-sectional area of coil in square inches 
Aw = cross-sectional area of work in square inches. 


Capacitance of Parallel-Plate Electrodes with Parallel 
Layers of Different Dielectrics. 


C = 


0.224A X 



where C = capacitance in farads 

A = area of one electrode in square inches 
Oi = thickness of ith dielectric layer 
€i = dielectric constant of zth dielectric layer 
n = number of layers of dielectric. 

Voltage Gradient in Any Dielectric Layer in Parallel-Plate 
Electrodes with Parallel Layers of Different Dielectrics. 



where Ek = voltage gradient in the A:th layer in kilovolts 
p)er inch 

E = electrode voltage in kilovolts 
€k = dielectric constant of kth layer 
a, = thickness of zth layer in inches 
€,• = dielectric constant of ith layer 
n = number of layers. 

Capacitance per Foot of Coaxial Electrodes Having Co- 
axial Layers of Different Dielectrics. 


-12 


C = 


16.9 X 10 
log* < 7 , 


= X1X2 + X1X3 + X2X3 

where R = resistance in ohms 
X = reactance in ohms. 

Inductive reactance is denoted by positive algebraic sign; 
capacitive reactance by negative algebraic sign. 

Coil Inductance for Solenoids. 

L « - 

9r + lOl 

where L = coil inductance in microhenrys 
r = inside radius of coil in inches 
N = number of coil turns 
I s* length of coil in inches. 

This formula is accurate within 1 percent if / > 0.8r. 

Coil Inductance for Long Coils. 

0m2N\Ac - Aw) 


where C 


n 


capacitance of electrodes in farads per linear foot 
ratio of outer to inner radii of the 2 th dielectric 
layer 

dielectric constant of ith layer 
number of dielectric layers. 


Voltage Gradient in Any Dielectric Layer in Coaxial Elec^ 
trades with Coaxial Layers of Different Dielectrics. 


Ek 


E log* <Tk 





where Ek — voltage gradient in kth layer in kilovolts per inch 
E = electrode voltage in kilovolts 
Ck = ratio of outer to inner radii of fcth dielectric layer 
7 jfe = difference in outer and inner radii of kth dielec- 
tric layer in inches 

€k = dielectric constant of fcth dielectric layer 
a = ratio of outer to inner radii of ith dielectric layer 
6,- = dielectric constant of ith dielectric layer. 
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Transmission-Line Equations, General. 

E = El, cosh xy + sinh xy 

El 

^ = II cosh xy + sinh xy 
^0 

where E = voltage across line at x feet from receiving end 
in volts 

I = line curi'ent at x feet from receiving end in 
amperes 

El = load (receiving-end) voltage in volts 
II = load (receiving-end) current in amperes 
Zo = chani(;teristic impedance of line in ohms 
X = distance along line in feet from receiving end 
y = propagation constant in complex radians per foot 
7 = a + j/3 

a = phase constant in radians per foot 
/3 = attenuation constant in radians per foot. 

Transmission- Line Input Impedance. 

^ ^ Zl “h ^0 tanh yl 

^ Zq Zl taiili yl 

where = input impedance of tninsmission line in ohms 
Zo = characteristic impedance of line in ohms 
Zl = load impedance at receiving end of line in ohms 
7 = propagation constant in complex radians per foot 
7 = a + j/3 

a = attenuation constant in radians per foot 
/3 « phase constant in radians per foot 
I = length of transmission line in feet. 

Power into a Dielectric. 

P, = lAlfEx^t'^ 

where = power density in watts per cubic inch 
/ = frequency in megacycles per second 
E\ = voltage gradient in dielectric in kilovolts per 
inch 

€" = loss factor of load material. 

Wavelength along Electrodes or Transmission Lines. 

_ 984 

fV. 

where X = wavelength in feet 

/ = frequency in megacycles per second 
c = effective dielectric constant of region between 
electrodes. 

Depth of Current Penetration. 



where 6 = depth of current penetration in inches 

p « resistivity of material in microhm-centimeters 
/ = frequency in cycles per second 
p = permeability of material 
p = 1.8(Bm///o) for magnetic materials 
Bn, =» saturation flux density * 10^000 gauss 
Ho — peak magnetizing force in oersteds. 


Pouter Input to Magnetic Material. 

Pa = 4.1//oVp/ X 10-^ 

where Pa = power density in watts per square inch 
//o = peak magnetizing force in oersteds 
p = resistivity of work in microhm-centimeters 
/ = frequency in cycles per second. 

Power Input into Non-Magnetic Material.* 

Pa = 7//o'^V^ X 10-® 

where Pa — power density in watts per square inch 
//o = peak magnetizing force in oersteds 
p = resistivity of work in microhm-centimeters 
/ = frequency in cycles per st^cond 

Power Input into a Surface by Single-Conductor Proximity 
Heating. , __ 

/Vmp/ 

Pi = 0.316 X 10“^ 

h 

where Pi = power absorbed in watts per inch of work and 
coil length 

I = conductor current in amperes, rms 
p = permeability of work 
p = 1.8(B///o) 

B = saturation flux density = 16,000 
Ho = peak magnetizing force in oersteds at surface of 
work 

p = resistivity of work in microhm-centimeters 
/ = frequency in cycles per secjond 
h = effective height in inches of current-carrying 
condu(;tor above surface of work = [hi^ — 
for cylindrical current-carrying conductor 
hi = height in inches of center of current-carrying 
conductor above surface of work 
a = radius of current-carrying conductor. 
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POWER-UNE CARRIER 

F, S. Mabry 


P OWER-LINE carrier is the application of high- 
frequency carrier currents to power-transmission lines. 
These high-frequency currents are usually in the fre- 
quency band from 50 to 150 kilocycles. The temi carrier im- 
plies that the high-frequency wave is modulated or varied 
proportionally by the signals to be transmitted. By using 


power lines, and sometimes are subjected to noise and induc- 
tion, which may cause improper functioning of the apparatus. 
It is difficult to protect apparatus and personnel against the 
hazard of high voltage in the telephone-wire line caused by 
induction or accidental contact between the telephone and the 
power lines. Because of the inherent advantages of using 




Fio. 25 1 A modern carrier-comniuniration system. 


carriers of different frequencies many carrier circuits or chan- 
nels may be established over a single wire or pair of wires. 
These channels, as they are most generally called, are used for 
telephone communication, relaying, telemetering, load con- 
trol, supervisory control, and remote tripping. Reliability 
of these services is limited only by the reliability of the power 
line itself and of the carrier terminal apparatus. 

Before the development of power-line carrier it was neces- 
sary to use telephone-wire lines for these functions. They 
were generally less satisfactory than power-line carrier for 
several reasons. Wind and sleet, which will completely carry 
away a telephone line, do no great harm to a power line be- 
cause of its sturdy mechanical construction. Telephone lines 
owned by power companies generally parallel high-voltage 


the power line itself as the conducting medium for a commun- 
ication or control circuit the application of power-line carrier 
should be thoroughly understood and fully exploited. 

26*1 CARRIER COMMUNICATION 

Carrier-communication equipment is used both for dis- 
patching services and for conducting the operations of a power 
system economically over long distances. The continuously 
available channel provides a ready means of transmitting in- 
telligence to vital points, thereby permitting closer scheduling 
of power flow and prompt action to cope with an emergency. 

The basic elements of a carrier-communication system are 
shown in Fig. 25-1. They consist of line-coupling capacitors, 
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line-tuning units, carrier set, and hand telephones. This is a 
typical set-up for long-distance communication, and a rather 
elaborate carrier set is used. Phase-to-phase coupling min- 
imizes line losses and noise, as explained later in this chapter. 

The modulated carrier is fed into the transmission line 
through coupling capacitors especially designed to withstand 
line voltage under all weather conditions. The upper end of 
the capacitor connects directly to the line; the lower end con- 
nects to ground through a carrier frequency choke coil, or 
drain coil. The junction between the drain coil and the 
capacitor is connected to the line-tuning unit. The drain 
coil effectively grounds the bottom end of the coupling 
capacitors for the power-system frequency but has little or 
no effect on the carrier frequency. The line-tuning unit is an 
adjustable inductor used to neutralize the capacitive react- 
ance of the coupling capacitor at the carrier frecpiency. Thus 
the carrier set, in eflFcct, feeds directly into the transmission 
line. 

The carrier set shown in Fig. 25*1 is of the automatic 
simplex type with selective ringing, and is arranged for several 
telephones or line extensions at both terminals. Any one of 
these extensions can be connected into a PBX board as shown 
at the right of Fig. 25 • 1 to further extend and multiply its use. 

A carrier-communication system may be designed to use 
either one or two frequencies. If the same frequency is used 
for transmission in both directions (a single-frequency 
system) only one station can talk at a time without pro<lucing 
interference. The carrier must be turned on when the 
person speaks into the microphone and must be turned off 
again when he is through. This can be accomplished man- 
ually by a pushb\itton or automatically by voice-operated 
electronic or mec^hanical relays. The set shown in Fig. 25 • 1 
is a single-frequency electronically controlled set more com- 
monly known as an automatic simplex set. The advantage 
of a single-frequency system is that any number of stations 
can be tuned to the same frequency and have communication 
among them just like a party line. The disadvantage is that 
when the line is busy no other station can internipt the person 
using it because his receiver is turned off during his trans- 
mission. However, if the system is of the automatic type, 
he can be interrupted at any pause between words, for the 
electronic control changes from transmit to receive and vice 
versa in a few milliseconds. 

In a two-frequency system the operator need not turn his 
transmitter off to listen to the other station; hence it is 
possible for the person listening to intermpt a transmission 
without waiting for a pause in the transmission. Two- 
frequency or duplex equipment is less expensive than auto- 
matic simplex, and is perhaps more satisfactory, since it is 
simpler to build and maintain. Tt is limited in application 
because only two stations can converse at once. If several 
stations are involved, half of them tuned to transmit on 
frequency A and the other half on frequency B, it is obvious 
that those tuned to frequency A cannot communicate with 
each other. Neither can those tuned to freciuency B, but 
any A-frequency station can communicate with any B- 
frequency station. Another limitation of the two-frequency 
system is the number of frequencies required. Some systems 
have so many requirements for carrier channels that two 
frequencies cannot be spared for one channel. 


A typical two-frequency duplex carrier set is shown in 
Fig. 25*2. Figure 25.3 shows a simplified schematic diagram 
of this equipment. This set has a carrier output of 25 watts, 
and its output frequencies arc within the 50- to 150-kilocycle 
frequency band. 

The transmitter employs one type 807 vacuum tube as a 
master oscillator. The oscillator drives six type 807 tubes 



Fia. 25*2 Two-fmiuency duplex carrier>communication set. 

in a push-pull-parallel radio-frequency power-amplifier stage. 
The output of the amplifier is coupled by the output trans- 
former, r-2, to the coaxial cable. The coaxial cable termi- 
nates at the line-tuning unit which applies the radio-fre- 
cjuency output to the power line through the coupling 
capacitors. Grid-bias amplitude modulation is used. The 
bias on the amplifier tubes is obtained from a resistor in the 
common-cathode circuit. Kadio-frcquency excitation is con- 
trolled by adjusting the plate voltage on the master oscillator. 

The audio amplifier is of the constant-level type to prevent 
overmodulation of the carrier wave. A 40-decibel variation 
in the voice input level will produce a variation in the output 
of not over 6 decibels. This prevents distortion due to over- 





Fig. 25 * 3 Simplified schematic diagram of a two>frequency duplex carrier set. 
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modulation, and compensates for the difference in voice 
levels of different people. The input to the amplifier is ob- 
tained from the audio hybrid unit. This unit contains the 
necessary bridge circuits and balancing network to permit 
both the transmitter and the receiver to be connected to a 
two-wire telephone line. Without this balancing network, 
the output of the receiver would feed back into the audio 
amplifier and modulate the transmitter. If a similar condi- 
tion existed at the other end of the carrier channel, regen- 
erative ‘ ^singing* ^ would result and the channel would not be 
usable. 

The receiver employs a superhetrodyne-typo circuit with a 
6SA7 mixer, a 6SK7 i-f amplifier, a 25L6 second i-f amplifier, 
and two 25Z6^s as demodulators. The output of one 25Z6 
is used for automatic volume control. The output of the 
other is applied to the telephone receiver. The automatic 
volume control will limit the variation in output to 6 decitels 
for a variation in input of 40 decibels. The over-all distortion 
of the transmitter and receiver combined is less than 10 
percent. 

The control relays and the calling (circuits are not shown 
on Fig. 25*3. The set can use voice calling, automatic ring 
calling, code-bell calling, or dial selection by substituting 
panels containing appropriate calling circuits. 

For voic^e calling, the receiver output is connected to loud- 
speakers at all stations, and the person calling announces the 
name of the person or place being called. 

In automatic ring calling, the equipment rings a bell at 
the receiving station when the carrier is received and con- 
tinues ringing until the call is answered. 

Code-bell calling is similar to automatic ring calling except 
that a code button is provided so that the operator can break 
the call up into a definite code. 

In dial-selection calling, the equipment functions like a dial- 
telephone system. The selector system will select the tele- 
phone set which was dialed, and only the bell on that set 
will ring. 

26-2 TYPES OF MODULATION 

The ultimate quality of transmission depends not only 
upon technical perfection of the apparatus but also upon the 
ratio of signal to noise in the telephone ret^eiver or loud- 
speaker. The system of modulation has much to do with 
this ratio. Three systems are currently in use: amplitude 
modulation (AM), frequency modulation (FM), and single- 
sideband modulation (SSM). 

Amplitude Modulation 

Amplitude modulation is the oldest and by far the most 
widely used system. When a continuous wave of, say, 
100,000 cycles is varied in amplitude at a 3000-cycle rate 
(which corresponds to the upper limit of voice frequencies) 
two new frequencies are produced: 100,000 + 3000 or 103,000 
cycles; and 100,000 - 3000 or 97,000 cycles. The band- 
width must be 6000 cycles for good transmission and recep- 
tion of a 3000-cycle tone. Since 3000 cycles is the highest 
voice frequency that must be transmitted for good intelli- 
gence, 6000 cycles represents the bandwidth required for an 
amplitude-modulated system. The random power noise in 
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an AM receiver is directly proportional to bandwidth. The 
wider the bandwidth is, the greater the noise. This, of course, 
assumes that line noise presents a problem. Many carrier 
systems operate over short distances, and the received carrier 
energy is so far in excess of the noise energy that noise is 
not an important factor. 

Frequency Modulation 

In a frequency-modulated system the modulating wave 
varies the frequency of the carrier wave (instead of varying 
its amplitude) at the modulating frequency. Whenever the 
maximum change in carrier frequency is equal to the modu- 
lating frequency, the deviation ratio is said to be 1 to 1. FM 
broadcasting stations use a ratio of 5 to 1. For carrier com- 
munication a ratio of 1 to 1 is used because most power sys- 
tems have the frequency band (50 to 150 kilocycles) divided 
up into 6000-cycle channels, and will permit no more than 
this per channel. An FM receiver is designed to be as sensi- 
tive as possible to frequency changes and as insensitive as 
possible to amplitude changes. The greater the deviation 
ratio of the modulation, the greater is the improvement in 
signal-to-noise ratio. For a deviation ratio of 1 to 1 an FM 
system has an improvement of 4.8 decibels in signal-to-noise 
ratio over an AM system having an equal amount of unmodu- 
lated carrier power. For an FM system to be successful the 
radio-frequency signal must be greater thjin the noise. 
Because of the ac^tion of the limiter tube in the receiver the 
output is nearly constant whether the input is signal, noise, 
or a combination of both. When no signal is being trans- 
mitted this noise output is highly objectionable; therefore 
all FM receivers employ a squelch circuit which shuts off 
the noise if no carrier is received. Thus if the signal level falls 
below the noise level, the output of the receiver becomes zero. 
In an AM system, communication continues even when the 
signal may be only one-fourth as strong as the noise. 

Single-Sideband Modulation 

Single-sideband modulation is similar to amplitude modu- 
lation except that the carrier and one of the two sidebands are 
eliminated. The remaining sideband requires only half the 
bandwidth of an AM system. For equal-peak transmitter- 
voltage outputs a single-sideband system has a signal-to- 
noise ratio 9 decibels greater than that of the AM system. 
In addition to the improvement in signal-to-noise ratios over 
amplitude and fre(|uency modulation the single-sideband 
system utilizes a smaller portion of the frequency spectrum. 
In this way a great many more channels are made a\'ailable 
for other uses or for future expansions. 

25-3 CARRIER RELAYING 

In the past, carrier relaying has usually been employed for 
one or more of the following reasons: 

1. To improve stability. 

2. To prevent relay operation when the system is out of 
synchronism. 

3. To peimit quick reclosing of breakers. 

4. To increase system design flexibility. 

5. To reduce shock to the system. 


Carrier Relaying 
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6. To prevent line-to-ground faults from becoming three- 
phase faults. 

7. To improve ground relaying. 

8. To provide a combination of services. 

Today, carrier relaying is simply the logical choice for a 
network of high-volti^ge transmission lines, and many systems 
are changing whole groups of lines over to it. Carrier is the 
only form of pilot protection that is economical for lines 
longer than a few miles. Pilot protection is becoming more 
and more desirable because the first line of defense is prac- 
tically independent of other lines; correct instantaneous relay 


Dependence is placed upon carrier transmission over the 
line only when the line is not faulted; therefore there is no 
cause for carrier failure due to a line fault. Line traps are 
used to prevent the transmitted carrier signal from being 
short-circuited by a nearby fault outside of the protected line. 

If the carrier set is of the outdoor type, the line tuning 
unit is in the set, and only four physical components are 
involved. In fact, even with the carrier set indoors, if the 
distance to the coupling capacitor is not over a few hundred 
feet, the tuning unit can often be included in the set. Except 
when the distance is short, a matching transformer mounted 
as a part of the coupling capacitor is required. 
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Fiq. 25*4 Elements of a carrier relaying system. 


operation does not hinge on adherence to a fixed system. 
Maintenance of lines does not interfere with correct relaying 
and additions, and new interconnections do not necessitate 
replanning of the whole relaying system. A fault on any 
line is cleared instantly at both ends without requiring 
time co-ordination. 

The five basic elements of a carrier relay system are shown 
in Fig. 25-4. A line trap, a coupling capacitor, a line-tuning 
unit, a carrier set, and a protective relay panel are required 
at each end of the protected section of line. 

The relays are connected to the line by current and poten- 
tial transformers, and will detect the presence and the 
direction of a fault. Whenever the fault is toward the oppo- 
site end of the protected section the relay will trip the 
breaker unless restrained by the reception of carrier from the 
other end of the line. Reception of carrier indicates that the 
fault is beyond the end of the protected section and will be 
isolated by some other breaker. Thus a pair of equipments 
can detect almost instantly whether a fault is external or 
internal. If it is internal, no carrier is transmitted in either 
direction, and the relays trip the breakem as fast as (K>Bsibla. 
If it is external, carrier is transmitted over the line to prevent 
tripping. 


The relay equipment shown in Fig. 25*4 is the high-speed 
distance carrier scheme. If the carrier is cut out of service 
the relays still provide the best type of non-carrier protec- 
tion. More simplified schemes are often used. They do not 
give back-up protection, but they require only a single 
operating element for phase-to-ground carrier-relay protec- 
tion. Currents at the two ends of the line are compared for 
fault discrimination, and hence potential transformers are not 
needed. This scheme is ideal where existing relays are ade- 
quate for back-up protection. 

26-4 TELEMETERING 

Carrier telemetering is the remote indication and metering 
of real and reactive power and other quantities. For effective 
operation of a power system the operator must know the 
power flow at important points of the system. Usually 
interconnecting lines are of prime importance since stability, 
heating, and contractual limits must not be exceeded. Proper 
operation of transmission systems is simplified by carrier 
telemetering, because it provides an accurate, prompt indi- 
cation of power flow at all times. 

The basic elements of a carrier telemetering system are 
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shown in Fig. 25*5. It is assumed that the power supplied 
from a generator into the system at one point is to be indi- 
cated at a remote load-dispatcher’s office. The impulse- 
transmitting meter is similar to a watthour meter except that 
its contact-making device operates at a rate proportional to 
the speed of rotation of the disk. This contact keys the car- 
rier transmitter at a corresponding rate and sends pulses of 
carrier current over the transmission line to the receiver at 
the load-dispatcher’s office. In the receiver the carrier pulses 
are amplified and rectified. The resulting d-c pulses enter 
the impulse receiver, and they are converted into smooth 
direct current. This current actuates the indicating or re- 
cording instrument which is calibrated in units of the 


indication at point 0 of the interchange power; and, second, 
a means of controlling the hydroelectric plant to maintain the 
desired tie-line loads. Power indications from M and N are 
brought to 0 by telemetering equipment. At point 0 these 
quantities are totalized and go into a single load controller. 
The load controller is essentially a load-recording instrument 
except that it has ‘‘raise” and “lower” contacts that operate 
if the total tie-line load is above or below the desired value. 
A load-control carrier channel is set up between 0 and the 
hydroelectric plant // over one of the power lines between 
these points. When the load controller at 0 indicates that 
more power should be generated by system B to increase 
power flow toward system A, a “raise” indication is sent over 



quantity being measured. Kilowatts, kilovolt-amperes, and 
other quantities can be transmitted in this way. 

25-5 CARRIER LOAD CONTROL 

Telemetering is frequently used with load-control equip- 
ment. Carrier load control is used for remote control of the 
load over a tie line or to control power output of a generator 
by means of signals sent over a power-line carrier channel. 
These signals may be initiated manually by the load dis- 
patcher or automatically by load controllers loc^ated in his 
office. 

A typical combined telemetering and load-control system 
is shown in Fig. 25-6. Two power systems A and B are 
assumed to be connected by two tie lines for which the billing 
points are at M and N. The dispatcher’s office for system B 
is at point 0. System B is extensive, having steam and 
water-power generation, but the steam generation is normally 
operated on a block-load basis, and any required load swings 
are handled by the hydroelectric station, which docs not 
have enough water flow for continuous delivery of power. 

The requisites for controlling the total load interchange 
over the tie lines between the two companies are: first, an 


the carrier channel. For simplicity, assume that two carrier 
frequencies are used between 0 and H for load control. 
Actually, two audio tones over a single carrier cliannel prob- 
ably would be used. One frequency would bo used for in- 
creasing power, the other for decreasing power, and they are 
called “raise” and “lower” frequencies, respectively. 

The load controller at 0 starts the carrier set, which sends 
out the raise frequency and transmits a signal with a duration 
proportional to the deviation of interchange power from that 
required. This signal is received at H and actuates the speed- 
changing motor on the governor of the waterwheel generator. 
There is a waiting period to give the telemetering equipment 
an opportunity to respond to this change; then if further 
correction is required another raise impulse is sent out, but 
if the load then is nearer to the desired value the duration of 
subsequent impulses becomes smaller until the system finally 
stabilizes with the desired load over the tie lines. For a 
lowering operation the process is reversed. 

If several remote hydroelectric stations are used to control 
the load, the tie-line load controller is arranged to control 
one of the stations as described. Control of the remaining 
stations is by proportional-load controllers. The proportion 
of load to be carried by each of the waterpower stations is 
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set lip on proportional load controllers in the dispatcher’s 
office. Telemetering channels from the hydraulic stations to 
the dispatcher’s office indicate in each of the proportional 
load controllei-s the load on that particular station. If the 
load carried by a particular station differs from the proper 
proportion with respect to the master station, the propor- 
tional load controller sends out raise or lower impulses to 
inci-ease or decrease the load of that station until the proper 
proportional load is established among all stations involved. 


Carrier supervisory control is an ideal solution. Control of 
the Victorville and Silver Lake sub-stations out in the desert 
along the Boulder Dam to Los Angeles lines is a notable 
example of the application of carrier supervisory control. 

The elements of a simple supervisory-control system are 
indicated in Fig. 25 • 7. In addition to the supervisory-control 
equipment at the dispatcher’s office and at the sub-station 
end, a complete two-way carrier channel is required. This 
includes the transmitter and receiver at each end, the 



If one of the hydroelectric plants contains several machines, 
all of which arc to respond to the load-control signals, the 
usual procedure would be to put the primary control on one 
unit and use proportional load controllers that would redivide 
the load among other units. 

25-6 CARRIER SUPERVISORY CONTROL 

Supervisory control, as the name implies, is both control 
and supervision. It differs from ordinary remote control in 
that many devices or ‘‘points” are controlled and supervised 
by means of a single wire or carrier current. Carrier super- 
visory control differs little from supervisory control equip- 
ment operated over wires. The only difference is in the man- 
ner of sending indications of certain quantities. 

With supervisory control it is unnecessary to staff isolated 
stations, and widely separated circuit breakers can be con- 
trolled by one centrally located operator. It would be im- 
practical to use wire channels to control, many tie switch^ 
and stations at isolated points along transmission lines. 


line-tuning units, coupling capacitom, and any line traps that 
may be necessary. 

Control and supervision of five circuit breakers from a 
remote point are shown in Fig. 25 • 7. Corresponding to each 
breaker is an escutcheon plate on the supervisor’s eejuipment 
including indicating lights that show the position of the 
breaker and a control switch for its operation. 

Any automatic or local operations of the breakers are re- 
ported over the carrier channel so that the operator has a 
continuous lamp indication of every device controlled. 

Coded signals are sent over the line by telegraphic keying 
of the carrier channel. A contact in the dispatcher’s equip- 
ment keys the transmitter to send out a pre-selected series of 
carrier pulses corresponding to the code used. The equip- 
ment is similar to that used in a dial-telephone system except 
that it is unnecessary for the operator to remember the num- 
ber; he simply presses a button and the equipment “dials the 
number.” 

In addition to the control of circuit breakers, several meter- 
ing or position indications can be carried over a supervisory- 
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control channel, and the quantities can be controlled as they 
are measured. For example, amperes, volts, watts, power 
factor, reactive volt-amperes, or position of a device can be 
indicated and controlled over the carrier channel by using 
one supervisory point for each quantity. 

After the operator has an indication of a particular quan- 
tity he can disconnect from that point by the master reset 
key; or, if there is no objection to continuous carrier on the 
circuit, any quantity can be indicated continuously. This 
continuous indication is convenient for the operator, for he 
can select a quantity that affords the chief basis for operation. 
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possible coincidence of a series of voice impulses with the 
code used for supervisory control. 

26-7 BASIC APPLICATION PROBLEMS 

The examples of carrier applications shown in Figs. 25-1, 
25*4, 25 5, and 25-7 all have three essential elements in 
common, excluding the transmitting and receiving apparatus. 
These are the transmission line, the coupling capacitor, and 
the line-tuning unit. Auxiliary circuit elements often re- 
quired arc line traps and coaxial cable circuits. 


Transmission Losses and Gains 




Fig. 25 • 7 Carrier supervisory control. 


He can change positions to check other quantities and 
return to the most important (quantity for continuous in- 
dication. 

Demand and integrating metering also can be carried on 
over the carrier supervisory-control channel. During the 
demand interval the meter at the sending end stores up im- 
pulses proportional to the integrated kilowatthours. At the 
end of the demand interval the metering takes over the car- 
rier channel for a short time and sends in rapid succession a 
number of pulses corresponding to the kilowatthours accumu- 
lated during the demand interval, such as 15 minutes. The 
receiving meter responds to the total number of impulses in 
each group. This response is a demand indication. It also 
runs the integrating meter ahead by an amount correspond- 
ing to the number of impulses in that group, and thus corrects 
the integrating meter each 15 minutes. In so doing, it utilizes 
the carrier channel only a brief part of the total time, and 
therefore the channel is available the remainder of the time 
for supervisory control. 

If voice communication is to be used over the same carrier 
channel used for supervisory control, it is desirable to use one 
supervisory control point for ringing and to lock out the 
supervisory-control equipment during the telephone conver- 
sation. This method prevents misoperation because of a 


All of these are parts of the carrier-fi-equcncy circuit, and 
much of the carrier-current energy is dissipated in them. 
The losses in all the circuit elements must be evaluated in 
order to determine how much power is required at the send- 
ing end of the line to produce a suitable signal at the receiving 
end of the line. 

Whatever apparatus is attached to or inserted in the power 
circuit for carrier purposes must not appreciably alter the 
characteristics of the power circuit at 60-cycle or power fre- 
quency. It must merely adapt it to the carrier frequency and 
provide the necessary terminals for connecting the carrier 
energy. 

26-8 TRANSMISSION LOSSES AND GAINS 

In carrier transmission, it is convenient to consider the 
transmission characteristics of a system in terms of attenua- 
tion or the diminution of power along the line. The ratio 
between voltages, currents, or power at any two points is a 
measure of the attenuation of the circuit between these two 
points. It is not convenient in practice to express trans- 
mission losses or gains in terms of these ratios directly. 
Losses so expressed cannot be added to obtain total loss, but 
must be multiplied. When losses or gains of circuits or 
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circuit elements are expressed in decibels (abbreviated db), 
they may be added directly to obtain total loss or gain of a 
system. The number of decibels gained or lost is equal to 
10 times the logarithm (to the base 10) of the power ratio, 
or 20 times the logarithm of the voltage or current ratio. 
When voltage or current ratios are used to compute decibels 
the circuit impedance must be the same at the two reference 
points. 


(Power) 

db = 10 logio — 

Pi 

(25 1) 

(Voltage) 

I'h 

db = 20 log,,) — 

Ej 

(25-2) 

(Current) 

h 

db = 20 logio — 

h 

(25-3) 


Carrier transmitting and receiving equipment usually is 
rated in decibels. Such ratings mean that the apparatus will 
function on a circuit having a decibel loss not greater than 
the rating of the equipment. In rating such equipment, the 
manufacturer takes into account the probable noise level, 
which is based on past experience. 

26-9 THE TRANSMISSION LINE 

The most important difference between power transmission 
and carrier transmission over the same line is the frequency. 
Although the principles of both are the same, many of the 
important factors at carrier frequencies are negligible at 
power frequencies, and vice versa. For example, the power 
circuits are electrically short at power frequencies and elec- 
trically long at carrier frequencies. Both power and carrier 
frequencies are transmitted over an open-wire line at the 
speed of light, or approximately 186,000 miles per second. 
Since 

speed of propagation 

Wavelength = 

fretjuency 

one wave at 60 cycles is 3100 miles long, whereas one wave 
at 60,000 cycles is only 3.1 miles long. This is why the aver- 
age power line is said to be electrically long at carrier fre- 
quencies and short at power frequencies. 

Another important difference between power transmission 
and carrier transmission is the relative efficiency. At power 
frequencies the impedance of a line as measured at the send- 
ing end is largely a function of terminal or load impedance. 
If line losses are too high, it is necessary merely to increase 
both load impedance and voltage, thereby reducing the cur- 
rent, to improve the line efficiency. 

At carrier frequencies most of the carrier energy is dissi- 
pated in the line itself, and the load impedance has very little 
effect on the sending-end line current. This is especially true 
of long lines. The voltage and current relationship is fixed 
by the characteristic impedance of the line, and nothing 
practical can be done to change it. Efficiency reaches a 
maximum when the load impedance is equal to the surge 
impedance of the line. Table 25*1 shows the losses caused 
by mismatching impedances. Column gives the value of 
the terminating impedance in percent of line impedance. 


Colunm 2 shows the loss if the terminating impedance is pure 
resistance. Column 3 shows the loss for a terminal impedance 
with a 45-degree phase angle. 

Table 25*1 Loss Caused by Mismatching Impedances 


Terminating 
Impedance in 

Db Ijoss for 

Db IjOss for a 

Percent of Line 

Pure Resistance 

Terminal with a 

Impedance 

Termination 

46® Phase Angle 

25 

1.05 

2.0 

60 

0.62 

1.0 

75 

0.1 

0.88 

100 

0.0 

1.0 

125 

0.06 

1.32 

150 

0.10 

1.68 

200 

0.62 

2.16 

300 

1.32 

3.18 

400 

1.05 

4.14 


26- 10 METHODS OF LINE COUPLING 

Carrier-frequency energy may be impressed between any 
pair or combination of pairs of wires between the communica- 
tion or control points, or it may be impressed between any 
wire or combination of wires and ground to form the desired 
circuit. Table 25*2 shows comparative results of utilizing 
various combinations on a 6-mile, size 0000 copper, double- 
circuit line. The two most commonly used methods of 
coupling are phase-to-phase and phase-to-ground. Phasc- 
to-phase coupling is illustrated in Fig. 25*1, and phase-to- 
ground coupling is illustrated in Figures 25*4, 25 -5, and 25 -7. 

Phase-to-phase coupling provides an all-metal circuit which 
minimizes both noise and attenuation. Noise originating in 
leaky insulators is a phase-to-ground disturbance which is 
built up across only a portion of the carrier-circuit impedance 
in phase-to-phase coupling. Hence it has less effect on the 
carrier apparatus than the same noise would have on appara- 
tus connected between the same phase and ground. 

Noise components caused by lightning and static on the 
three phases of a line are generally in phase with each other, 
and tend to cancel one another in the coupling apparatus. 

For these reasons phase-to-phase coupling generally is 
used for long lines on which noise and attenuation are im- 
portant, and phase-to-ground coupling is used for short lines 
or wherever noise and attenuation are not important. Other 
special forms of coupling sometimes are used on double- 
circuit lines on which the carrier circuit must be maintained 
under various line-switching conditions. 

26*11 CHARACTERISTIC IMPEDANCE 

The characteristic impedance of a line is the impedance 
which would be measured at the sending-end tenninals if 
the line were infinitely long. If a line is terminated in an 
impedance equal to its characteristic impedance, all the 
energy reaching the load will be absorbed by it, and none will 
be reflected. For all practical purposes the characteristic 
impedance of open-wire power lines at carrier frequencies is a 
pure resistance. The following formula may be used for 
calculating the characteristic impedance to within iblO per- 
cent, if the lines are uniformly spaced and the distance be- 
tween wires is small compared to the height above ground. 
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For two-conductor open-wire lines, 


Zq == 276 logio ■ 


D 


(25-5) 


greater for phase-to-ground coupling than the phase-to-phase 
value. 

Tablk 25*3 Approximate T/)8reh in Decibels per Mile 


where Zq = characteristic resistance in ohms 
D = spacing between wires in inches 
d = radius of conductors in inches. 

For one-conductor and ground, 


2D 

276 logio -- 

Zo - (25.6) 

where D = height above ground in inches 
d = radius on conductors in inches. 

The characteristic impedance of a line is important largely 
from the standpoint of the apparatus connected to it. Table 
25*2 shows the results of measurements made on a three- 
phase, 6-mile-long, double-circuit line with size 0000 copper 
conductors. Note that the losses arc the same for an all- 
copper circuit regardless of the combination of wires or the 
Zq of the combination. On tlie combinations using ground 
return the losses are least for the highest Zq. 


Table 25-2 CiiARACTERisTir Impedance and Lorrer on a I>ouble- 
CiRcuiT Line with 0000 Copper (\)NDi7rTORs for Various Methods 



OF Coupling 





I^as 


t're- 


(dl) 


(juoncy 


|M^r 

Coupling betwwn 

(kc) 

^0 

mile) 

1 and 3 

41 

850 

0.073 

1 and 3 

49.3 

850 

0.073 

1 , 4 and 3, 6 

47.5 

440 

0.073 

1, 4 and 3, 6 

64.5 

465 

0.073 

3 and ground 

'48 

520 

0.236 

3 and ground 

66 

510 

0.266 

1 and 3 to ground 

59 

315 

0.273 

1 and 3 to ground 

48 

280 

0,32 

1 , 3, 4, 6 Uj ground 

47,5 

170 

0.353 

1, 2, 3, 4, 5, 6 to ground 

48.5 

140 

0.343 


26-12 LINE LOSSES 

Losses in an open-wire line depend upon many factors: 
frequency, conductor size, spacing, resistivity, radiation, 
leakage, unbalance, coupling to adjacent circuits, tap lines, 
and power apparatus connected to it. Since data on these 
various factors are seldom available it is more practical to 
measure them than to attempt to calculate them. Calcula- 
tions based solely on line material, construction, and the fre- 
quency, other factors being neglected, give results incon- 
sistent with test data and usually far too optimistic. Table 
25-3 gives a summary of data on actual installations and 
tests, and is suitable for estimating purposes. The data are 
for phase-to-phase coupling. For phase-to-ground or line- 
to-ground coupling these values should be multiplied by a 
factor varying from 1 to 4 depending upon the length of line. 
The data in Table 25 • 2 were taken on a line 6 miles long. On 
a line 60 miles long the loss per mile was only 10 percent 


(Pha.sc-to-Pha«4* (coupling) 


System Kv 

50 Kc 

100 Kc 

150 Kc 

230 

0.05 

0.075 

0.107 

138 

0.065 

0.09 

0.12 

115 

0.075 

0.102 

0.13 

69 

0.08 

o.n 

0.14 

34.5 

0.1 

0.13 

0.16 

13.8 

0.15 

0.18 

0.21 


26-13 EFFECT OF TAP LINES 

Any tap circuit connected to the carrier circuit will absorb 
energy from it. If both the main and the branch circuits 
A\ ere infinitely long, or if both tenninated in resistances equal 
to their characteristic impedance, the energy would divide 
equally between them and the loss of half the energy would 
represent only 3 decibels. An additional loss of 0.52 decibel 
would occur as a result of the mismatch at the junction. This 
amount of loss usually can be tolerated. More often, how- 
ever, a tap line is short, and it is terminated with a power 
transformer the impedance of which is very high at carrier 
freciuencies. Under this condition the carrier energy reach- 
ing the end of the line is reflected back toward the source. 
If the line is of such a length that this reflected energy reaches 
the tap point 180 degrees out of phase with the original wave 
it will act as though the main line were short-circuited at the 
tap point (neglecting the attenuation of the tap line). 
This action occurs when the electrical length of the tap is 
wavelength long or any odd multiple of 34 wavelength 
long (34; Vii and so on). If the tap line is 34 wavelength 
long (or any multiple of half wave) the reflected wave is in 
phase with the original wave, the tap appears as a very high 
impedance, and very little energy is absorbed by it. 

As an example, at 60,000 cycles, tap lines approximately 
0.775, 2.352, 3.876, etc., miles long would absorb most of the 
carrier energy. Tap lines of 1.550, 3.10, 4.65 etc., miles long 
would have little effect. This is true only if the transformer 
impedance is infinitely high or if it has high pure resistance. 
It can be assumed that the impedance of a transformer is 
reactive at carrier frequencies; this assumption changes the 
mileage examples just given. If the transformer character- 
istics arc unknown, the only safe way to determine the effect 
of the tap is to measure it. 


26-14 THE COUPLING CAPACITOR 

The most satisfactory means of coupling the carrier energy 
into the transmission line is to use coupling capacitors. A 
typical unit is shown in Fig. 25*8. The type shown is for 
rigid-base mounting although they are also made for flexible- 
suspension mounting. Antenna coupling has been used 
successfully as a substitute capacitor coupling but has several 
disadvantages. If more than one circuit is carried on a single 
line of towers the energy is coupled to all circuits, even 
though the energy is desired in only one of them. A break 
in the power line or antenna wire may cause the two to come 
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in contact with the possibility of damage to the carrier 
apparatus. To prevent this, expensive protective apparatus 
is required. 



Fia. 25*8 115-kilovolt coupling capacitor. 

The modem coupling-capacitor unit also contains the 
necessary protective devices such as drain coil, grounding 
switch, and spark gap built into the base of the unit. The 
carrier apparatus is completely protected even from direct 



Fio. 25*9 Internal connections of 115-kilovolt coupling unit. 

flashovers at the coupling unit. In older to insure this 
protection, the internal insulation strength of the capacitors 
is made greater than the external flashover voltage. 


Figure 25*9 shows the internal connections of the unit 
illustrated in Fig. 25*8. For higher voltages additional 
standard sections are bolted to the top of the unit. 

Coupling-capacitor units often are used with potential 
devices, the same unit functioning simultaneously as a carrier- 
coupling unit and a source of voltage for the potential device. 
A unit of this type is shown schematically in Fig. 25*10. As 
a potential device a single unit is capable of furnishing up 
to 150 watts of 60-cycle power depending upon the phase 



Fig. 25*10 115-kilovolt carrier-coupling unit for use with potential 

devices. 

angle of the voltage in the load circuit in relation to the line 
voltage. Output is maximum when this phase difference is 
90 degrees. 

Capacitance and line-voltage ratings of coupling capacitors 
have been standardized. Table 25*4 shows the losses of 
standard units at various carrier frequencies. Obviously, the 
loss in the coupling unit is a small part of the total loss of the 
system. 

Table 25*4 Standard Coupling Capacitors and Their Losses 
AT 50, 100, and 150 Kilocycles 


System 

Capacitance 

Db Loss • 

Kv 

Mf 

50 Kc 

100 Kc 

150 Kc 

46 

'0.004 

0.1 

0.09 

0.08 

69 

0.00275 

0.15 

0.14 

0.12 

92 

0.002 

0.2 

0.176 

0.16 

115 

0.00187 

0.21 

0.19 

0.17 

138 

0.00137 

0.3 

0.26 

0.22 

161 

0.00125 

0.33 

0.276 

0.25 

230 

0.00094 

0.4 

0.36 

0.32 

287 

0.00075 

0.51 

0.45 

0.4 


* Based on line-to-ground coupling Zo 600 ohms. 
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26-16 THE LraE-TUNING UNIT 


The line-tuning unit is simply an inductor used to neutral- 
ize the capacitive reactance of the coupling capacitor. The 
reactance Xc of the coupling capacitor is 


Xc 



(25-7) 


where Xc =* capacitive reactance in ohms 
/ = frequency in cycles 
c “ capacitance in farads 
T = 3.1416. 


This reactance varies from 4240 ohms for a 0.00075-micro- 
farad unit at 50 kilocycles to 266 ohms for a 0.004-microfarad 



? 


Fia. 25*11 Simple single- 
frequency tuning ef Hitiglii- 
coupling capacitor with 
coaxial-cable leacl-in. 



Fia. 25 12 Simple single-fre- 
quency tuning of two coupling 
capacitors (phase-to-phase or 
line-to-line coupling) with 
coaxial-cable lead-in. 


unit at 150 kilocycles. These reactances correspond to in- 
ductances of 13.5 and 0.282 millihenrys, respectively. 

Figures 25*11 to 25*15 inclusive illustrate some of the 
more common basic (dreuits of line-tuning units. In each of 
the single-frequency tuning circuits the inductance is ad- 
justed for resonance with the coupling capacitor. Where the 
transformer T has appreciable leakage inductance it is con- 
sidered part of the required tuning inductance. 

In two-fre(|uency circuits such as shown in Fig. 25*13, the 
inductor and capacitor which are connected in parallel (such 



Fia. 25 • 13 Two-frequcncy 
tuning of a single-coupling ca- 
pacitor with separate coaxial 
lead-ins for each frequency. 



Fig. 25*14 Two-frequency 
tuning of a single-coupling ca- 
pacitor with a single lead-in for 
both frequencies. 


in this branch. A similar procedure is followed for the other 
branch. At frequencies lower than that to which L 2 C 1 is 
tuned the net reactance of these elements is inductive. If 
the desired frequency is close to the one not desired it is 



Fig. 25 • 1 5 Double-frequency tuning of two capacitors (pha.se-to-pha8e 
coupling) with separate coaxial lead-ins for each frequency. 


necessary sometimes to insert an extra capacitor in series 
with Li to bring the system within the tuning range of Li, 

Figure 25*14 is a special type of circuit which is more 
difficult to adjust or tune since the elements individually are 
not resonated to either of the two frequencies to be used. 
Collectively they arc, but individually they are not. Two- 
frequcncy tuning in this case is accomplished by a combina- 
tion of series- and parallel-resonant circuits. Figure 25*16 
illustrates the principles involved. 

In Fig. 25*16, L and C are tuned to frequency which is 
the geometric mean between Fi and F 2 , the two desired 


F, F^ F« 

Fig. 25*16 Use of series and parallel resonance to produce two- 
frequency tuning. 



XOF LC 
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I CIRCUIT 


frequencies. LiCi is also tuned to frequency Fm> This fre- 
quency is found by use of the following relationship : 


F 


F.v 

Vi + K 


(25-8) 



K 


FiVl + K = F 2 V 1 - K 


(25-9) 
(25 10) 


as L 2 C 1 ) are tuned to the frequency not wanted in that 
branch of the circuit. This is the first step in the tuning-up 
procedure. The combination of LiTiC and the resultant 
reactance of L 2 C 1 are then tuned to the frequency wanted 


By substituting the desired frequencies for Fi and F 2 in 
equation 25*10, a value of K is obtained. This value is then 
substituted in equation 25*8 or 25*9 to find F^- As an 
example assume Fi = 50 kilocycles and F 2 = 70 kilocycles. 
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50 V 1 + k = ToVl - K 
2500 + 2500A' = 4900 - 4900A' 

7400A' = 2400 

K = HU = 0-324 

Substituting in equation 26-8 and rearranging, 

Fm = 60 Vl + 0.324 
= 50 X 1.15 
= 57.5 kilocycles 

Substituting in equation 25*9 and rearranging, 

Fm = 70Vr^ 0.324 
= 70 X 0.822 
= 57.5 kilocycles 

After the circuits have been adjusted to Fm^ the position 
of the tap on L 2 is adjusted to the point where resonance is 
indicated at Fi and F 2 - 

This principle applies to the method of tuning used in by- 
passes, line traps, line-tuning units, or wherever a combina- 
tion of series and parallel resonance is used to produce two- 
freciuency resonance. 

Table 25 • 5 shows the losses encountered in a simple single- 
frequency tuning unit such as that in Fig. 25*11 when it is 
used to feed a line with a Zq of 500 ohms. For the circuit of 
Fig. 25*12 values shown in Table 25 *5 should be multiplied 
by 2. General data on losses in two-frequency circuits cannot 
be tabulated because of the many possible combinations. 
Usually the losses are minimized when the two frequencies 
are separated as much as possible. For circuits like Fig. 
25*13 the loss figures will vary from 4 to 7 times those shown 
in Table 25*5 when Ci and C 2 are 0.004 microfarad at 50 
kilocycles and 0.002 microfarad at 150 kilocycles provided 
the frequencies Fi and F 2 are separated a minimum of 37 
percent of Fm- The losses will be lowest at high values of C 
for the coupling capacitor and the lowest frequencies, and 
highest for low values of coupling at the highest frequencies. 
Under the same conditions, the losses for Fig. 25*15 will be 
8 to 14 times those shown. These loss figures can all be 
reduced by special designs. 


Table 25-5 Ix)88E8 in Line-Tuning Units 


SyHt<*m 

Kv 

Capacitanci- 

Mf 

Db Loss • 

50 Kc 

100 Kc 

1 

160 Kc 

46 

0.004 

0.16 

0.15 


69 

0.00275 

0.2 

0.17 

0.17 

92 

0.002 

0.22 

0.19 

0.19 

115 

0.00187 

0.24 

0.2 

0.2 

138 

0.00137 

0.26 

0.225 

0.215 

161 

0.00125 

0.275 

0.24 

0.22 

230 

0.00094 

0.32 

0.27 

0.26 

287 

0.00075 

0.4 

(L31 

0.28 


* Phase-to-ground coupling Zo * 500 ohms. 


26-16 THE LINE TRAP 

The primaiy function of a line trap is to prevent loss of 
the carrier-fi-equency energy in parts of the system outside 
the particular section of line over which the carrier channel 



Fig. 25*17 A 400-ampere line trap. 


is to be established, without affecting the normal flow of 
power current, and to insure normal operation of the carrier 
channel under conditions that might otherwise disnipt the 
carrier service, l^^arlier in this chapter some illustrations 
were givTn of the effect of tap lines on the carrier channel. 
The application of line traps will effectively confine the carrier 
frequency to its designated channel; permit transmission of 
carrier current when short circuits or grounds exist outside 



Fig. 25*18 Installation of line traps and coupling units in a sub- 
station structure. 


the section protected; conserve carrier energy by offering 
high impedance to its flow into other sections or branch lines; 
and allow normal operation with the power line intentionally 
grounded at the terminal stations. 
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The Line Trap 


The line trap is simply a parallel-resonant circuit offering a 
high impedance over a band of frequencies centering around 
the resonant frequency. The resonant frequency must he 
the same frequency as that of the terminal carrier equipment. 


lU 

o 


o 


(/> 

2 





50 100 150 


FREQUENCY, KC 

Fia. 25*19 Resonant iin)M dance of type P line traps. 

Line traps have been standardized at 400 and 800 amperes 
rating and are available for single- or double-frequeni^y tun- 
ing. Figure 25-17 shows a 400-ampere trap, and Fig. 25-18 
shows an installation of traps and coupling capacitors 
mounted in a sub-station structure. 



Fig. 25*20 Resonance curves of type P line traps. 

The impedance which a line trap offers to the carrier is a 
pure resistance at the resonant frequency, and is 

{2irfLy 

ft ohms (25*11) 

li 

where Rq = resonant impedance 
IT = 3.1416 

/ ~ frequency in cycles 

L = inductance in henrys 

R = radio-frequency resistance of coil alone. 


The maximum values obtained commercially are shown in 
Fig. 25 • 19 for both 400- and 800-ampere traps. The differ- 
ence in the two curves is due to the difference in the values 



Fig. 25*21 Jjosses in t 3 rpe P single-frequency line traps when a line-to- 
ground carrier channel of 500 ohms characteristic impedance is short- 
circuited through line trap. 

of L and R, Figure 25-20 shows how the impedance varies 
with frequency around the resonant frequency. Figures 
25-21 and 25*22 show the loss to be expected in single- and 
double-frequency traps respectively. 



Fig. 25*22 Losses in typo PDF double-frequency line traps when a 
linc-to-ground carrier channel of 500 ohms characteristic impedance is 
short-circuited through line trap. 
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In order to make a line trap offer a high impedance at two 
frequencies an auxiliary resonant circuit (which does not 
carry power current) is coupled to the main trap. This 
produces two frequency tuning in a manner similar to that 
shown in Fig. 25-16. The difference is that the main trap 
coil is the parallel-resonant circuit (since the carrier voltage 
is applied across its terminals), and the avixiliary circuit is 
the series circuit (since the induced voltage in the auxiliary 
circuit causes current to flow through the coil and capacitor 
in series). 

The procedure for figuring the frequency of tuning for a 
two-fre<iuency trap is the same as for the two-frequency 
tuning unit of Fig. 25-14 described earlier. The maximum 
impedance of a two-frequency trap is figured the same as 
that for a single-fret|uency trap, except that the R term must 
contain not only the radio-frequency resistance of the main 
coil but also that portion of the resistance of the auxiliary 
coil which is reflected into it. The resistance reflected into 
one circuit from another is 




(25-12) 


where Ri — reflected resistance 
/ = frequency in cycles 
L„ = mutual inductance in henrys 
Z 2 = net series impedance of auxiliary circuit, 


A%)2-f 


Lm — L1L2 


where k = value found from equation 25- 1 
Li = main trap inductance in henrys 
L 2 = auxiliary circuit inductance in henrys. 


25 17 BY-PASSES 

Very frequently the power line does not present a contin- 
uous metallic circuit between the two points where carrier 
service is desired. There may be intervening transformers, 
open circuit breakers, disconnect switches, or possibly no 
connection of any kind betw'een the two points. In most of 
these cases the gap may be bridged by a by-pass. 

A by-pass consists of a set of coupling (-.apacitors and tuning 
units for each phase wire over which carrier energy flows. 
The problem is handled in a manner similar to the coupling 
problem at the ends of the line, and there may even be traps 
in the line next to the by-passed point so that carrier service 


Carrier 
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can be continuous even when the line is out and grounded. 
If the points where the coupling capacitors connect to the 
two lines are physically separated more than a hundred feet 
the line tuners may be connected together by coxial cable. 
Any of the line-tuning circuits shown may be used. 

26-18 SPECTRUM UTILIZATION 

In applying carrier to any new system consideration should 
be given to the following problems: 

1. Future expansion. 

2. Interference between services on your own system. 

3. Interference with carrier on adjacent systems. 

4. IVpe of modulation. 

5. Signal level required for different services. 

Future expansion should be seriously considered. The 
spectrum of 50 to 150 kilocycles will provide only so many 
channels, and one should select frequencies which will allow 
maximum frequency separation to be maintained between 
channels without having to change any of them if additional 
frequencies are added. The lowest frecpiencies should be 
used on the longest circuits since minimum line losses arc en- 
countered at these frequencies. Often the frequencies can 
be so grouped as to use common coupling capacitors for two 
or more frequencies. If the spectnim is crowded, single- 
sideband carrier may provide the necessaiy number of chan- 
nels without interference. The length of a carrier-relaying 
circuit is usually .shorter than a communication circuit. 
Therefore the higher frequencies should be used because 
attenuation will not be a problem. 
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ELECTRONIC INSTRUMENTS 

M. P. Vore 


F or measurement of simple single quantities such as 
potential, current, time, and frequency, mechanical and 
electromagnetic instmments are available. Within 
their operating ranges, these arc accurate and reliable. Elec- 
tronic instmments should be considered to supplement them, 
not replace them. 

If the power available for operation of an instrument is 
minute, the amplifying properties of electronic tubes make 
it possible to design an instrument that does not unduly 
disturb the (nrcuit to whiirh it is connected. In other cases, 
liecausc of the lack of inertia of electrons or the rectifying 
properties of electronic tubes, together with their small 
inductances and capacitances, electronic instmments can 
be made to operate at higher frequencies or over a broader 
range of freiiuencies than more conventional instruments. 
More complicated electronic instruments such as the electron 
microscope, mass spectrometer, and dynamic balancing 
machine exist because their functions are so fundamentally 
electronic that they cannot be performed by a non-electronic 
device, or because the use of electronics results in a less 
expensive, more flexible, or more easily operated unit. 

Electronic instmments are widely used in all fields of 
research, in many types of testing, and in an increasing num- 
ber of routine manufacturing operations. In this chapter the 
more common electronic instmments and their fundamental 
oi^erating principles arc dcscrilwd as an aid in applying the 
proper instmment to the job at hand. The reader who wishes 
to constmc.t instmments and who needs detailed design 
information is urged to make use of the technical articles 
listed at the end of the chapter. 

26-1 VACUUM-TUBE VOLTMETERS 

For voltage measurements in d-c circuits or power-fre- 
quency a-c circuits that can furnish a moderate amount of 
power to an instmment, electromagnetic measuring instm- 
ments are preferable because they are simple, mgged, and 
accurate. There is, however, a wide field of usefulness for 
vacuum-tube voltmeters. In vacuum-tube voltmeters, the 
rectifying or amplifying properties of vacuum tubes are 
utilized to make voltage measurements without causing 
appreciable voltage drops in the circuits to which they are 
connected. Another advantage of the vacuum-tube volt- 
meter over the electromagnetic instmment is its ability to 
measure voltages at high frequencies or over a broad range 


of frequencies. The vacuum-tube voltmeter is especially 
useful also in the measurement of extremely small voltages. 
Not all vacuum-tube voltmeters possess these abilities equally. 

Diode Voltmeters 

Perhaps the simplest type of vacuum-tube voltmeter is the 
so-called diode voltmeter, the circuit of which is shown in 
Fig. 26-1. This type of voltmeter uses the rectifying proper- 
ties of the diode to give a reading proportional to the average 



Fig. 26-2 Diode voltmeter with d-c amplifier. 


value of alternating voltages over an extremely wide fre- 
quency range. If resistance R is large compared with the 
diode resistance, the reading of the meter is proportional to 
the average value of positive peaks of voltage.'* For 
greater sensitivity, the simple voltmeter of Fig. 26*1 may 
be followed by a stage or more of d-c amplification as in 
Fig. 26 -2. 

If resistance R in Fig. 26*2 is replaced by a capacitance, 
the capacitance charges to the peak value of the signal volt- 
467 
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age, and the reading of meter M is a function of the peak 
value of signal voltage instead of the average value. The 
capacitance usually is shunted by a high resistance to enable 
it to discharge when the input is i*emoved. Inverse feedback 
in the stage of d-c amplification is provided by Rk which 
has the following beneficial effects: * 

1. The reading of meter M is approximately independent 
of the constants of the tube use<l for d-c amplification. 

2. The amplifier can handle large values of signal voltage 
because of cathode follower action. 

3. If Rk is large, reading of meter M is proportional to 
signal input. 

4. A multirange voltmeter can easily be made by arrang- 
ing to vary Rk* 

If the input terminals of the simple circuit of Fig. 26 * 1 are 
connected to a circuit, the contact potential between the 
dissimilar metals of the anode and cathode of the diode 
sends a current through the meter, even though no potential 
difference is applied to the input terminals. The residual 
deflection of the meter depends upon the resistance of the 
circuit to which it is connected. This difficulty can be over- 
come by the use of a second diode connected across the meter 
as shoi\Ti in Fig. 26-15, so that current caused by the contact 
potential in the auxiliary diode is in the opposite direction 
to the current caused by contact potential in the main diode. 
In this way, the residual deflection of the meter can be made 
zero with no potential applied to the terminals of the diode 
voltmeter. 

Logarithmic Voltmeters 

For measurements in communication circuits, it is conven- 
ient to have a voltmeter calibrated in decibels with an approx- 
imately linear scale. A scale linearly divided in decibels 
would have logarithmic divisions if it were calibrated in volts. 
An amplifier with automatic gain control may be used as the 
basis of a voltmeter with a linear decibel scale or a logarith- 
mic voltage scale.® Such a voltmeter uses a pentode of the 
remote-cut-off type,* the amplification factor of which is 
approximately an exponential function of grid bias. The 
amplified output of such a tube is rectified and fed back as 

• The so-called remote-cut-off pentode or variable-mu tube is similar 
to the ordinary voltage-amplifier pentode, except in the structure of 
the control grid. The control grid of a variable-rau tube is wound in 
the form of a cylindrical spiral concentric with the cathode. The first 
few turns of the spiral near each end arc rather close together and are 
influential in controlling the movement of electrons to the anode. 
Near the center of the spiral the spacing between grid turns is gradually 
increased, and this portion of the grid is relatively less influential in 
controlling movement of electrons to the anode. With a small negative 
bias applied to the grid, electrons move through all the spaces between 
its wires. For signals that are small compared with the grid bias, the 
amplification of the tube is comparable to that which would be obtained 
if the grid turns were unifonnly spaced by the average spacing of the 
actual grid wires. If a relatively great negative bias is applied to the 
grid, the closely spaced end turns prevent movement of cle<!trons 
through the spaces between them to the anode. All electrons that 
reach the anode do so by passing between the widely separated center 
turns. Amplification of the tube then is comparable to that which 
would be obtained from a tube with grid turns uniformly spaced by the 
distance between the center turns. This spi^ng is much larger than 
the average spacing, and the amplification of the tube is therefore; less 
than when the negative bias is relatively small. 


grid bias in such a way as to decrease the gain of the tube. 
The resulting grid bias is almost a logarithmic function of 
the average input voltage to the tube. Figure 26-3 is a 
simplified circuit of such a voltmeter. The output of the 
amplifier is rectified by a diode. Rectified voltage appears 
across resistance R1 so that the grid is made more negative 
as the signal voltage increases. Capacitor C filters the rectified 
voltage. Bias voltage is registered by meter Af, and this is 



Fia. 26-3 Logarithmic voltmeter circuit. 


C 



Fio. 26 » 4 Single-stage logarithmic voltmeter circuit. 


nearly a logarithmic function of input voltage. To see why 
this is tnie, consider the expression for the output of the am- 
plifier: 

Co = (26-1) 

where cq = output voltage of the amplifier 
€i = input voltage to the amplifier 
Ay B == constants 

Ec — grid bias applied to the amplifier 
€ = base of natural logaritluns. 

Solving on the assumption that cq is a constant, 

Ec^ K- Blog^ei (26-2) 

Deflection of the meter is proportional to E^ and this is 
theoretically a logarithmic function of the input to the am- 
plifier. Actually, the assumption eo = constant is false, but 
if the amplifier is of high gain, cq is nearly constant, and the 
meter scale is nearly logarithmic. 

A satisfactory logarithmic voltmeter can be made simply 
by rectifying the output of a remote-cut-off pentode amplifier 
and measuring the rectified d-c output.^ A simple circuit 
for such a voltmeter is shown in Fig. 26-4. For a wider 
range of voltages, the two-stage circuit of Fig. 26-5 is some- 
times used. For low input voltages, contribution to the 
meter current comes chiefly from the second stage. For 
higher inputs, the anode voltage of the second stage is zero 
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for almost half of the cycle, whereas the first stage continues until the current through the diode, indicated by meter M, 
to contribute to the meter current. For a suitably designed just ceases. Then the cathode potential indicated by volt- 
two-stage circuit, a linear calibration in decibels has been ob- meter V is equal to the peak value of the alternating input 
tained from —40 to -t- 20 decibels with a zero level of 1 volt.^ voltage. 



Fig. 26-5 Two-stage logarithmic voltmeter circuit. 


Slide-Back Voltmeters 

The slide-back voltmeter is an instniment for comparing 
the peak value of an unknown alternating voltage with a 
known unidirectional voltage. Numerous methods for doing 
this have been used.f * A simple form of slide-back 

voltmeter which is useful for measuring fairly high voltages 
at high frequencies is shown in Fig. 26 • 6. The diode conducts 



Fia. 26-6 Slide-back voltmeter circuit for high-voltage measurcinetit. 

only when the anode is positive with respect to the cathode. 
Cathode voltage is adjusted by means of a potentiometer 

t R. A. Heising, U. S. Patent 1232919. 


Transfer-Characteristic Voltmeters 

Operation of transfer-characteristic voltmeters depends 
upon the relation between grid voltage and anode current of 
a vacuum tube. It has the disadvantage that the transfer 
characteristic is different for various individual tubes of the 
same type, and varies even for the same tube during its life. 
Such a meter, however, is simple to construct and to calibrate. 
Figure 26-7 is the circuit of the simplest type of transfer- 
characteristic voltmeter. The grid has a negative bias and 



Fia. 20*7 Basic circuit of the transfer-characteristic voltmeter and 
the anode-detection voltmeter. 

draws almost no current. Anode current is measured by 
meter M, and is a function of grid voltage. These are the 
rudiments of a voltmeter limited to the measurement of 
unidirectional voltages. 

Another type of transfer-characteristic voltmeter is shown 
in Fig. 26-8. The grid voltage of a vacuum tube for zero 
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anode current is related to the positive unidirectional or 
peak alternating voltage applied to the anode.** By adjust- 
ing the grid voltage by means of potentiometer R to make 
meter M2 read zero, the signal voltage can be read as a 
function of the reading of 3/1. 



Flo. 26-8 Transfer-characteristic voltmeter for high-voltage measure- 
ment. 

Anode-Detection Voltmeters 

A common form of vacuum-tube voltmeter makes use of 
the non-linearity of the cur\'e of anode current versus grid 
voltage.*®’*^** Figure 26 • 7 shows the basic circuit of such a 
voltmeter. The change in reading of the anode-current meter 
depends upon the alternating-voltage input to the grid. 

Let us assume that the grid bias is less than the cut-off 
value. For most tubes the instantaneous anode current is 
approximately a parabolic function of instantaneous grid 
voltage: ^ ^ 

Z, = -e, + — (2G-3) 

n ri 

where ri, r 2 — constants. This equation shows that the 
change in average anode current is proportional to the sum 
of the squares of the peak values of the harmonics comprising 
the signal voltage, or, in other words, the rms signal voltage: 

^ -j. ..j, £-^2 j (20- 4) 

2 r2 

where E 2 , etc., arc peak values of fundamental and har- 
monics of the voltage to be measured. Equation 26*4 is 
valid if the assumption of equation 26-3 is valid. This 
assumption is not valid if the negative peak of the alternating 
signal voltage causes the grid bias to go below cut-off. It is 
approximately true, however, for a small signal voltage.** 

Actually, the anode current of a vacuum tube contains 
terms of higher order in Cc than indicated by equation 26*3. 
For greater accuracy, the push-pull circuit of Fig. 26-9 may 
be used.*^ Current through the meter M is the sum of the 
average currents through Fl and F2. Since the grid voltage 
of V2 is 180 degrees out of phase with the grid voltage of VI, 
all the odd-order terms in the total anode current of the two 
tubes add to zero; consequently the fourth-order term is the 
first to introduce inaccuracy as a function of wave form. For 
triodes, this term usually is small compared with the second- 
order term. 


Another type of anode-detection voltmeter can be made 
by biasing the tube to cut-off. With the tube so biased and 
Avith a high resistance in the anode circuit, the average anode 
current is nearly proportional to the average value of the 
positive loop of alternating grid voltage. Such a meter can 
be calibrated to read average voltage if the wave form con- 
tains no even-order harmonics. If the resistance in the anode 
circuit is small, anode current is more nearly proportional 



Fic5. 26*9 PiLsh-pull ano<k‘-cletiJction voltmeter. 


to the square of the grid voltage, and the meter can be cali- 
brated to read rms volts if the waA’c form contains no even- 
ortler harmonics. 

26-2 ELECTROMETERS 

ConA'entional electromagnetic instnimcnts can be used for 
measuring currents as small as about 10“^* ampere. Specially 
constructed sensitive instruments of this type measure cur- 
rents to about ampere. A modification, utilizing only 
one pi\"ot and a rather short susf)ension in place of the other 
pi\ ot and the conventional hair spring, is capable of measur- 
ing currents as small as 5 X lO’"'* ampere. The d'Arsonval 
galvanometer measures currents down to approximately 
10“^° ampere. 

SensitiA^e double-pivot and single-pivot instniments re- 
quire more than ordinary cara and maintenance, and are 
relatively easily deranged by mechanical abuse or electrical 
overload. The d'Arsonval suspension galvanometer in addi- 
tion requires special skill in use, (careful leveling, and freedom 
from vibration in its environment. There is therefore some 
advantage in using electronic instruments for measurement 
of currents bcloAv about lO'"® ampere, if they avoid some of 
the objections to electromagnetic instruments. Amplification 
of vacuum tubes can be utilized to permit the use of a less 
sensitive and more rugged type of electromagnetic instni- 
ment than could ordinarily be connected directly to the cir- 
cuit in Avhich current is to be measured. 

Electronic Microammeter 

An amplifier Avith inverse feedback is the basis of one type 
of sensitive electronic ammeter. Figure 26*10 illustrates the 
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basic circuit. An ordinary voltmeter is connected across the 
output terminals of the amplifier, and the entire output 
voltage is applied to the input terminals of the amplifier as 
inverse feedback. Under this condition, if the voltage gain 



Fia. 26*10 Ffcdback amplifier for electrometer use. 


of the amplifier without inverse feeidback is 
inverse feedback is ^ 

Cr 

U' 

l + G 


G, the gain with 
(26*5) 


If the gain without the feedback is much larger than unity, 
say 1000 or so, the gain with feedback is essentially unity. 
It also turns out that the stability of the amplifier, with 
respect to fluctuations in supply voltages, ambient tempera- 
ture, and changes in tubes or tube constants, iniTcascs in 
almost direct proportion to the voltage gain without feed- 
back. The change in reading of the voltmeter caused by an 
input current I is therefore 


E = IR 


(26-6) 



(20*7) 


The zero-signal reading of the voltmeter can be reduced to 
zero by sending current from an auxiliary battery through 
the meter in a direction opposite to that of the static com- 
ponent of amplifier anode current. Such a microammeter 
can be made as sensitive as desired by a proper choice of the 


to be measured. If ordinary receiving tubes are used, this 
factor usually limits sensitivity to the measurement of current 
of 10“^ ampere and above. 

Figure 26-11 is a simplified diagram of a microammeter 
which is simple and rugged.'® For simplicity, the tubes are 
shown as triodes with indirectly heated cathodes, althougli 
actually they arc pentodes of the battery-operated filament 
type. Several input resistors arc provided to make it a 
multirange instrument. The amplifier is directly coupled 
and is therefore suited for d-c measurements. Gain of the 
amplifier without feedback is approximately 5(X)0, and it 
therefore has great stability. A resistance-capacitance filter 
across the input resistor in the first stage by-passes a-c com- 
ponents of current that may be in the circuit in which 
measurements are being made, and prevents self-oscillation. 
The zero-signal reading of the output voltmeter is adjusted 
to zero by means of an auxiliary battery and potentiometer. 

Sensitive Electrometers 

Measurement of direct currents of or 10“^^ ampere is 
sometimes necessary in research problems and in an increas- 
ing number of industrial applications. Measurement of ion 
currents in a mass spectrometer is one specific example. 

Conventional d’Arsonval galvanometers are not practical 
for measuring currents much smaller than about 10“^^ 
ampere, even if the power available in the circuit is unlimited, 
because of the difficulties of winding coils consisting of many 
turns of fine wire. To measure such small currents, a directly 
coupled amplifier must be used. 

Electrometer Tubes. The first tube in such an amplifier 
must draw an extremely low grid current. Since 10“^® am- 
pere is equivalent to about 6 10 electrons per second, and since 
most tubes have effective grid resistances of a few megohms, 
currents of such magnitude do not change the grid potential 
perceptibly. 



Fig. 26-11 Vacuum-tube microammeter. 


amplifier-input resistor. Sensitivity of the instrument The causes of grid current in vacuum tubes in class A 

reaches its limit when the amplifier-input resistor is made so operation are: 

large that the potential drop across it produced by the normal I. Insulation leakage. 

grid current of the first-stage tube becomes perceptible in 2. Occasional high-speed electrons which are emitted from 

comparison with the potential drop caused by the current the cathode and then hit the grid. 
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3. Positive-ion emission from the cathode. these is shown in Fig. 26 ‘IS.** Resistors i21, R2, and the 

4. Ionization of residual gas in the tube. tube are mounted in an evacuated enclosure to prevent 

5. Electron emission from the grid, caused by x-rays accumulation of atmospheric dust and moisture on the critical 

generated by electron impact at the anode, exterior insulating surfaces. Resistor 721, together with the 

6. Photoelectric emission from the grid, caused by light input capacitance of the tube, forms a filter circuit with a 

from the filament. time constant of a large fraction of a second. This filter, 

with other filters consisting of LI, L2, and C2, L3, L4, and 
Two tube types, the FP-54 and the D-96475, have been de- C3, minimize high-frequency pick-up from spark spectro- 
veloped for electrometer use.^®-^ To minimize grid current, graphs, infrared spectrometers, cyclotrons, and other appara- 
the grid lead is bn)ught out through the top of the tube tus of this nature that may be in use in the laboratory. This 
envelope on the end of a long stem, and all internal grid electrometer can be used as a null measuring instrument by 
supports are made of quartz and have long leakage paths, impressing a bucking voltage from a potentiometer at 
In one of these tubes, no getter is used, partly because the point X. Resistor R3 and capacitor C3 filter surges caused 
getter materials emit photoelectrons and partly because some by switching in the potentiometer. Although the grid would 
of the getter material may spatter onto the internal insulating eventually lose by leakage through R2 any charge caused by 
surfaces when it is flashed. A 4-volt positive-space-cliarge a switching surge, the time constant of the grid capacitance 
grid is placed between cathode and control grid. The pri- 
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Fig. 26-12 Simple electrometer circuit. Fia. 26-13 Self-cumjK*usating electrometer circuit. 


mary function of the space-charge grid is to overcome space 
charge, so that tube current is sufficient at low voltages. It 
also protects the control grid from positive ions and high- 
speed electrons from the filament. To avoid photoelectric 
emission from the grid caused by light from the filament, 
a low-temperature thoriated filament is used. The anode is 
operated at a potential 6.0 volts. At this potential the elec- 
trons crossing from cathode to anode do not acquire enough 
energy to ionize residual gas in the tube. 

Simple Electrometer Circuits. The simplest type of circuit 
is shown in Fig. 26 • 12. Input resistor 721 is about 10^^ ohms. 
M is a galvanometer of high current sensitivity. Battery 
B5 and potentiometer R2 send a current through the gal- 
vanometer in a direction opposite to that of the current 
through the galvanometer to the anode of the tube. In 
this way galvanometer deflection can be adjusted to zero 
with no signal applied to the grid of the tube, and a gal- 
vanometer of much higher current sensitivity can be used 
than if the residual deflection caused by the anode current 
of the tube were allowed to remain on the galvanometer. 
The sensitivity and usefulness of this circuit are impaired 
by changes in battery voltages and contact voltages at circuit 
junctions, changes in filament emission with tube age, and 
thermal fluctuations in R2. All these changes tend to make 
unstable the balance point at which galvanometer deflection 
is zero with no signal applied to the tube. 

Compensated Electrometer Circuits. Numerou.s bridge- 
type circuits, which are self-compensating for various causes 
of fluctuation, have been devised.*'"®* One of the best of 


and 722 is so long (several seconds) that the wait would be 
annoying or even damaging with some types of measure- 
ments. 

Theory of Compensated Circuits. These circuits are sim- 
ilar to one developed by DuBridge and Brown,®® who ex- 
plained its exceptional freedom from random fluctuations and 
drift. Assume that the tap on 727 is set at its extreme posi- 
tive end. Voltage across the galvanometer is the difference 
of potential drops across 728 and 7210, which are proportional 
to the space-charge-grid and anode currents respectively. By 
proper adjustment of these resistors, galvanometer deflection 
can be adjusted to zero when no signal is applied to the con- 
trol grid. It is evident that the space-charge-grid current 
and the anode current might both remain proportional to the 
filament emission. This proportionality is true over a lim- 
ited range. Anode current and space-charge-grid current 
also are proportional to the power-supply voltage over a 
limited range. Because of these relations, small changes in 
filament emission or power-supply voltage do not cause devia- 
tion of the galvanometer from zero. 

Unfortunately, electrometer tubes are notoriously non- 
uniform in their static characteristics. Sometimes it is im- 
possible to maintain stable operation and still impress on the 
electrodes those voltages which give maximum sensitivity. 
Moving the tap on 727 somewhat toward the negative end 
impresses a component of the power-supply voltage across 
the galvanometer in addition to the difference in potential 
drops across 728 and 7210. This extra adjustment makes it 
possible to accommodate any electrometer tube that has so 
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far been tried, without the necessity of rebuilding the circuit 
or suffering loss of sensitivity. 

Measurement of High Resistance by Means of an 
Electrometer 

Measurement of high resistances by conventional bridge 
circuits involves two difficulties. The first is that ordinary 
microammeters and galvanometers are not sufficiently sensi- 
tive to detect bridge balance accurately if the bridge arms 
are composed of high resistances. This could be overcome 
by use of a suitable amplifier between the bridge output and 
the detector, but the second and more serious difficulty would 
remain. The bridge must be composed of three resistors of 
accurately known value in addition to the unknown resist- 
ance. The magnitudes of the known resistors must be at 
least comparable with that of the unknown resistor. At 



Fig. 26*14 Circuit for measuring high resistance. 

least one of the known resistors m\ist be adjustable, and its 
magnitude must Ije known accurately at every step in the 
adjustment. Such resistors usually are not available, or they 
may require excessive space. 

A circuit for measuring high resistance, requiring two volt- 
meters, one standard fixed resistor, and an electrometer,*’ is 
illustrated in Fig. 26 • 14. Rx represents the unknown resis- 
tor, and Rt represents the standard resistor, which usually is 
also the input resistor of the electrometer. Resistance of the 
unknown is determined by adjusting the voltage E2 by 
means of potentiometer R until the output of the electrometer 
is the same as it Avas when both E\ and E2 were zero. The 
value of the unknown resistor then is 

This method of measuring resistance is most often employed 
in determining the value of the type of resistor used in the 
input circuits of electrometers and related apparatus. 

26-3 HIGH-FREQXTENCY AMMETER 

For measurement of moderate or high currents ranging 
from direct current through the audio range, a vacuum-tube 
instrument has little or no advantage over electromagnetic 
instruments. For measurement of high currents in the radio- 
frequency range, the circuit of Fig. 26-15 is useful. Coil lA 
usually is a solenoid. It is placed near the conductor carrying 
the current to be measured, with its axis perpendicular to the 
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direction of the current. Flux from the current to be meas- 
ured links solenoid I A and induces a voltage in it. The 
voltage is measured by a diode voltmeter. Tube FI rectifies 
the current through meter M, Resistor Rl is used for cali- 
bration. Tube V2, because of the contact potential between 
its anode and cathode, sends current through the meter in a 
direction opposite to that of the meter current caused by 
the contact potential in tube VI. Resistor R2 controls this 
bucking current, and thus causes the meter to read zero 
Avhcn no voltage is being induced in solenoid LI. Since the 
voltage induced in LI is proportional to the frequency of 
the current to be measured, this meter should be calibrated 
at the frequency at which it is to be used. 



The principal application of this type of meter is in high- 
power broadcast transmitters and induction-heating equip- 
ment. 

26-4 FREQUENCY METERS 

Methods of measuring frequency fall into two classes: (1) 
direct measurement; and (2) comparison of the frequency to 
be measured with a known frequency standard. Among the 
direct measurements are the measurements of the charging 
current of a capacitor, use of bridge circuits, use of calibrated 
resonant circuits, and the use of Lecher-wire systems. Among 
the comparison methods of measuring frequency are the use 
of the cathode-ray oscilloscope and the heterodyne frecpiency 
meter. In general, the direct methods are quicker and re- 
quire less equipment, but give less accuracy than the com- 
parison methods. 

Primary Frequency Standards 

For frequency measurement by comparison, some easily 
available source of known frequencies must be available. 
Accuracy is limited only by the accuracy with which the 
frequency of the standard is known. Modern frequency 
standards arc so accurate that frequency can be measured 
more accurately than any other electrical quantity. 

Fundamental Standards. Fundamentally all frequency is 
measured by comparison with the frequency of rotation of 
the earth. This frequency is known accurately,** and it 
forms the primary frequency standard of 1 cycle per day. It 
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is also far too low to be used directly for comparison with ter-oscillator circuit are enclosed in a temperature-controlled 
audio and radio frequencies ranging up to several million oven.^*^ All coils in the master-oscillator circuit are wound 
cycles per second; therefore primary frequency standards on quartz forms in which grooves have been machined to 
operating in a more usable frequency range are used to bridge insure accurate and stable spacing of turns. The tempera- 
the gap. ture controlled enclosure in which the master oscillator is 

There are three possible primary standards of frequency, mounted is partially evacuated, and the pressure within this 
The most obvious is a precision clock or pendulum. The enclosure is carefully controlled. The entire master-oscillator 
accuracy of such a device is high and could conceivably be circuit is mounted on springs in order to prevent shock excita- 
made sufficiently accurate for the most precise measurements, tion of the crystal or mechanical coupling between the 
but its low frequency of 1 cycle or so per second is not easy master-oscillator crystal and any other sources of vibration 
to utilize. All primary frequency standards now in use or resonant systems. Finally, filament and power-supply 
employ crystal-controlled master oscillators, which control voltages are carefully stabilized, and great care is taken to 
the frequency of a chain of multivibrators.-®* Figure prevent power failure, which would stop the oscillator and 



Fio. 26-16 Block diagram, primary frequency standard. 


26-16 is a block diagram of a typical primary standard. The 
synchronous clock is essentially a device for counting cycles. 
Comparison of the time as shown by this clock with sidereal 
time is a measure of the exact frequency of the crystal oscil- 
lator. Determination of the accuracy and constancy of fre- 
quencies is limited by the accuracy of determining sidereal 
time and by slight variations from day to day in the length 
of the sidereal day. For this reason frequency comparisons 
among primary frequency standards are more consistent 
within themselves than are the comparisons of these same 
frequency standards with sidereal time. 

The output of a multivibrator is rich in harmonics. Har- 
monics of the order of the 300th, or even higher, are easily 
detectable. Thus, the frequency standard shown m Fig. 
26*16 furnishes an immense number of frequencies spread 
over a broad spectrum. Each of these frequencies is known 
with the same accuracy as that of the crystal-controlled 
master oscillator. Thus, each frequency is available and 
useful for measurement purposes. 

Construction. Such primary frequency standards are de- 
signed and constructed with care. The quartz crystal which 
determines the frequency of the master oscillator is carefully 
selected to have as low a temperature coefficient as possible 
and with the lowest possible decrement.^ The crystal, 
master-oscillator tube, and other circuit constants in the ilias- 


necessitate a warm-up period before stability could again be 
attained. 

Accuracy. A primary frequency standard such as this may 
be expected to maintain a frequency constant within one part 
in a million over a long period of time. If daily checks against 
astronomical time are made, the frequency can be maintained 
constant to within one part in 10 million. An error in fre- 
quency of one part in 10 million corresponds to a gain or loss 
of time of only about 2 seconds per year. Figure 26 - 17 
shows a primary frequency standard of the type just de- 
scribed. For reliability, two master oscillators were included 
in this installation. They can be seen under bell jars in the 
two ends of the culwcle. The control panel for the master 
oscillator is in the center. 

Alternative Frequency Standards. An electrically driven 
tuning fork might be used in place of a crystal-controlled 
master oscillator for a primary frequency standard. Tuning 
forks have been used in this way, and their frequency stability 
can probably be made about as good as that of a quartz 
crystal.^®* Tuning-fork oscillators have not yet been so fully 
developed as crystal oscillators. 

Standard-Frequency Sources. The National Bureau of 
Standards operates radio station WWV, which carries on 
scheduled broadcasts of standard-frequency signals. These 
signals have frequencies accurate to better than one part in 
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10 million/^ Since these frequencies are easily available, they 
are useful in calibrating all kinds of frequency meters and 
secondary frequency standards. If the extreme accuracy of 
the signals from a primary frequency standard or from station 
WWV is not required, or if only a standard broadcast receiver 
is available, signals from the standard broadcast transmitter 
are useful as frequency standards. Federal Communications 
Commission regulations require the frequency of a standard 
broadcasting station to be within 50.0 cycles of the assigned 
frequency, and it is customary for the better class of stations 
to maintain their frequencies within 5 or 10 parts in a million 
of their assigned fre(iuency. 



Fig. 26 17 Primary frequency standard. 


Comparison of Frequencies 

Heterodyne Frequency Meter. To use a primary fre- 
quency standard for the measurement of frequency, it is 
necessary to be able to compare the unknown frequency with 
one of the known frequencies supplied by the primary 
standard. The most accurate method consists of the direct 
measurement of the difference between the unknown fre- 
(juency and the nearest known frequency.'** This involves 
the use of a radio receiv^er with an oscillating detector, a radio 
receiver with a non-oscillating detector, a heterodyne fre- 
quency metx'r, and an audio-fivquency-measuring device. A 
heterodyne fixHiuency meter is esscnitially a stable adjustable- 
frequency oscillator. 

The procedure is as follows;'*® 

1. The unknown frequency is tuned in on the receiver with 
an oscillating detector, and the detector is set to prcKluce a 
beat note of some convenient frecpiency with the unknown 
frequency. 

2. The output of the heterodyne frequency meter is then 
coupled to the receiver. The frequencjy meter is adjusted to 
zero beat with the unknown frequency. 

3. The output of the heterodyne frequency meter is noAv 
loosely coupled to the input of a receiver with a non-oscillat- 
ing detector. One of the frequencies in the 10-kilocycle se- 
quence from the primary standard is coupled to the receiver. 
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The receiver output contains a beat note that is the difference 
in frequency between that of the heterodyne frequency meter 
and that of the primary standard. 

4. The audio-frequency beat note is then measured either 
directly or by comparison with a standard audio-frequency 
oscillator. The unknown frequency is the frequency from 
the primary standard, plus or minus the audio frequency. 

If slightly increasing the frequency of the heterodyne fre- 
quency meter increases the beat note, the audio frequency is 
to be added to the frequency from the standard. If increas- 
ing the frequency of the heterodyne frequency meter slightly 
decreases the audio beat note, the audio frequency is to be 
subtracted from the standard frequency. 

A modification of this method employs several successive 
heterodynings to reduce the audio-beat note to a low fre- 
quency that can be measured to a fraction of a cycle.*® This 
method can be even more accurate than the one described, 
but it requires elaborate equipment and therefore is not in 
general use. 

The Cathode-^Rcy Oscilloscope. Two rather simple meth- 
ods of comparing frequencies by means of a cathode-ray 
oscilloscope have been devised. One consists in impressing 
the known frequency on the horizontal deflecting plates of 
the oscilloscope tube and the unknown frequency on the 
vertical deflecting plates. The known frequency is adjusted 
until a stationary pattern appears on the oscilloscope screen. 
This pattern is known as a Lissajous figure. When the pattern 
is stationary, the ratio of the unknown frequency to the 
known freciuency is the ratio of the number of times the 
Lissajous figure is tangent to a horizontal line to the number 
of times it is tangent to a vertical line. Figure 26 • 18 is a 
Lissajous figure obtained when the ratio of the frequency on 
the vertical deflecting plates to that on the horizontal de- 
flecting plates is 3 to 2. 

This method of comparing frequencies is extremely simple 
and is essentially as accurate as the adjustable known fre- 
((uency. If large numbers are involved in the ratio of un- 
known to known frequency, however, and if either the known 



Fig. 26*18 Lissajous figure. 

or unknown frequency contains appreciable amounts of 
higher harmonics, the Lissajous figure becomes too compli- 
cated to be analyzed easily. 

If the ratio of frequencies is large, say 10 or so, it is con- 
venient to split the phase of the lower frequency by means of 
a resistor and capacitor. The two voltages with a 90-degree 
phase separation thus obtained are applied to the deflecting 
plates of an oscilloscope tube to produce a circle or broad 
ellipse on the screen. The higher frequency is superimposed 
on the positive potential applied to the accelerating anode of 
the oscilloscope tube. This causes the velocity of the elec- 
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trons in the beam to be alternately increased and decreased retracing a former path. Figure 26 • 19 show* a circuit for 
from its mean value. If the electrons in the beam travel at producing these gear-shaped figures and Fig. 26*20 shows 
less than their mean velocity, they remain in the field of the some typical patterns. 



Fig. 26*19 Circuit for comparing frequencies. 


deflecting plates for a longer than normal period, and the 
diameter of the circle tends momentarily to become larger. 
Conversely, if the electrons travel at more than their mean 
velocity, the diameter of the circle tends to become less. The 
result is that a gear-shaped figure appears on the oscilloscope 



Frequency Determination from Capacitor Charging Current 

If a capacitor is charged from one circuit and discharged 
during alternate half cycles through a d-c meter, the average 
current through the meter is the product of capacitance, peak 
voltage to which it is charged, and applied frequency. Figure 
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Fig. 26*20 Gear-shaped figures obtained with a cathode-ray oscilloscope. 


screen. The ratio of the higher frequency to the lower one 26-21 illustrates such a circuit.*^ Tubes V3 and 74 are biased 
is equal to the number of teeth on the*^gear divided by the below cut-off by batteries B1 and B2 respectively. Grids 
number of times the spot traverses the complete circle before of these tubes are excited in opposite phase by the secondary 
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of transformer T2. During the half cycle that the grid of F3 Figure 26-22 shows another method of accomplishing the 
is above cut-off, capacitor C charges to the voltage of B3. same result.” Two gas-filled triodes are connected in a 
During the alternate half cycle, the grid of F3 is below cut-off separately excited inverter circuit. Battery B2 biases the 



Fig. 26*21 Direct-reading freciuencry-ineter circuit. 


and the grid of V4 is above cut-off; therefore capacitor C 
discharges through .M and F4. The charge and discharge 
of capacitor C is complete only if the resistances of F3 and 
F4 are low while they conduc.t, and if C is small. In other 
words, the time constant of the circuit must be much less 
than the time of a half cycle. Tubes FI and F2 act as 
amplifiers providing a large signal voltage to F3 and F4 to 



Fig. 26*22 Direct reading frequency meter circuit. 


insure low tube resistance during the conducting part of the 
cycle. At frequencies below a few hundred cycles, a high- 
speed polarized relay can be used to perform the switching 
operation of F3 and F4.**'“ 


grids of thyratrons Fl and F2 to a value sufficient to prevent 
conduction. During the half cycle in which the grid of Fl 
is biased above the value required for conduction, capacitor 
Cl charges to the voltage of battery J31. A definite fraction 
of the charging current of these capacitors passes through 
diodes F3 and F4 and the microammeter. During the half 
cycle when Fl is not conducting, capacitor Cl discharges 
through resistors Rl and R^ while diode F3 prevents any 
reverse current from passing through the meter. In a similar 
manner, capacitor C2 discharges through R2 and R4: when 
thyratron F2 is not conducting. 

Accuraq/, Direct-reading frequency meters of the type 
just described can be made accurate to better than 1 percent, 
but probably not as good as 0.1 percent. Accuracy depends 
upon the constancy of the voltage of battery HI and upon the 
resistance in the capacitor-charging and -discharging circuits 
being low enough for complete (!harge and discharge. Fre- 
(piency meters of this type are useful in the audio-frequency 
range; that is, from about 20 cycles to a few thousand 
cycles. 

Bridge Circuits for Measuring Frequency 

The Wien Bridge, Bridge circuits fundamentally arc not 
electronic, although electronic amplifiers are often used to aid 
in detecting balance.*^ Fundamentally, any bridge circuit 
for which frequency appears in one or both of the balance 
equations can be used for measuring frequency in terms of 
the known impedances of the bridge arms. One of the simplest 
and best of these circuits is the Wien bridge shown in Fig. 
26*23. Provided that the relations between the circuit ele- 
ments are as shown on the diagram and that fl' resistance is 
zero, the balance equation of the bridge is 


1 



(26-9^ 
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It is impossible practically to have the two ganged resistors 
Ra maintain strict equality throughout their range of adjust- 
ment. For this reason the small resistance R\ which is a 
small percentage of /?, is included to aid in obtaining a sharp 
balance. 



Fig. 26*23 Wien bridge circuit for frequency measurement. 


Bridge Design. Several difficulties be.se t the user of a-c 
bridges. Inductive pick-up and capacitive pick-up are a 
serious source of trouble. Inductive pick-up can be reduced 
by using only resistors and capacitors in the bridge arms, if 
possible. Pick-up of any type is reduced by shielding the 
bridge and its circuit elements properly.^*"®* In making 
bridge measurements of frequency or impedance, the bridge 
seldom can be supplied with a source free of higher harmonics. 
When the bridge is balanced for the fundamental frequency 
it is unbalanced for the harmonics, and therefore the voltage 
across the balance detector is not zero even if the bridge is 
balanccKi. In the audio-frequency range, a good balance can 
be found despite this, if the balance detector consists of a 
set of head phones or some other device that gives an audible 
signal, because the human ear is sensitive to pitch and can 
discriminate accurately between harmonics and fundamen- 
tals. In the low-radio-frequency range, a cathode-ray oscillo- 
scope gives a fairly accurate picture of the wave form of the 
voltage across the balance detector, which aids in obtaining 
a good balance. 

Grounding of Bridges. In the upper audio-frequency 
range, stray capacitances from the bridge-circuit elements to 
ground can cause the balance point to be spurious or can 
prevent the existence of a balance point, especially if the 
impedances forming the bridge arms are rather high. The 
Wagner ground consists of a ground connection from a re- 
sistance connected across the supply line to the bridge. In 
using a bridge equipped with Wagner ground, as sho\vn in 
Fig. 26*24, the balance detector is first connected between 
points 1 and 3 by means of switch SI in the usual manner 
and the bridge is balanced as well as possible. Then one end 
of the balance detector is connected to ground by means of 
switch 51, and the Wagner ground tap is adjusted to give 
minimum response of the balance detector. The balance 
detector is then switched back to its normal position in the 
bridge and the bridge is rebalanced. By a series of such 
successive approximations, the true balance point is found. 
When the Wagner ground is adjusted in this manner and 
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the bridge is balanced, both terminals of the balance detector 
are at ground potential; consequently there is no current 
through stray capacitance from points 1 or 3 of the bridge- 
to-ground. Stray capacitances to points 2 and 4 merely have 
their circuit completed through resistor R. 



T Networks for Frequency Measurement. A fundamental 
difficulty of bridge circuits for use with electronic apparatus 
and measurements is that either the source or the balance 
detector, or sometimes both, must operate at a potential 
above ground. This difficulty often can be overcome by the 
use of bridged or parallel T networks. These are three- 
terminal networks so constructed that, with (certain relations 
between their elements, the transfer admittance is zero. 
Since these networks have only three terminals, both source 
and balance detector can have one terminal grounded. Some- 
times there is a mathematical relationship between a bridge 
circuit and an equivalent bridged or paralleled network.®^ 
Figure 26*25 is the equivalent parallel T network for the 
Wien bridge,®^®® and the balance equation for it is 
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(26*10) 


The figure shows that the advantage of being able to have 
a terminal of the source and balance detector grounded has 



Fia. 26*25 Parallel T network equivalent of the Wien bridge. 


been gained at the expense of varying three instead of two 
resistors simultaneously and keeping them all equal. 


Resonant-Circuit Frequency Meters 

For measuring impedances, the a-c bridges mentioned pre- 
viously are used for frequencies ranging from the low audio- 
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frequencies to radio-frequencies up to 60 megacycles, and 
even higher. For the measurement of frequency, however, 
bridge circuits become less useful than other means at fre- 
quencies above the audio range. 

Construction. For quick measurement of frequencies from 
the audio range up to about 300 megacycles, if the accuracy 
need not be much better than 1 or 2 percent, calibrated 
resonant circuits are useful. A frequency meter employing 
calibrated resonant circuits consists essentially of an induct- 
ance, a variable capacitor, and a thermocouple milliammeter 
in a scries circuit, as shown in Fig. 26*26. The inductance 
and capacitor are designed for the greatest possible stability 
of their constants with respect to temperature, age, and rough 
handling. The capacitor is carefully calibrated in terms of 
frequency. To cover a broad range of frequencies, several 
coils usually arc employed. Often the coils are arranged to 
be easily interchangeable by means of plug-in connections. 
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Fia. 26*26 Calebratod resonant cireuit for frequency measurement. 

Tuning for Maximum Secondary Current There are two 
methods of using such a frequency meter. The first and more 
reliable method is to couple the coil L loosely with the circuit- 
carrying currents of the frequency to be measured and vary 
capacitance C slowly until resonance is indicated by a maxi- 
mum reading of meter M, The frequency is then determined 
either from the capacitor dial directly or from a calibration 
curve of frequency versus capacitor-dial reading. 

Tuning by Grid-Current Dip. The second method of use 
is applicable to small oscillators and amplifiers. Meter M 
and thermocouple TC may he omitted. Resonance of the 
coil and capacitor of the freciuency meter are inferred from a 
pronounced decrease in grid current of the oscillator or 
amplifier, or a somewhat less pronounced increase in the 
anode current, at resonance. 

Design Considerations. The effect of resistance of the 
meter and thermocouple on the natural frequency of the 
resonant circuit of the frecpiency meter is small and is ac- 
counted for in the calibration, but it is nevertheless important 
that this resistance be small to obtain a sharp resonance indi- 
cation. A thermocouple of low resistance and with sufficient 
power output to operate a reasonably rugged milliammeter 
is likely to be delicate and easily damaged by overload or 
mechanical shock. A more rugged resonance indicator often 
used consists of a diode voltmeter connected across the capac- 
itor. At high frequencies, where the internal capacitance of a 
diode masks its rectifying effect, a galena crystal is sometimes 
substituted for the diode. 

Sources of Error. A resonant-circuit frequency meter must 
not be coupled too closely with the circuit under test. Close 
coupling causes several different effects depending upon the 


type of circuit to which the frequency meter is coupled and 
from what sort of source it draws its power. These 
effects usually consist of one or more of the following: (1) 
broadening of the resonance peak; (2) error in calibration 
caused by reactance reflected into it from the primary 
circuit; and (3) change in the frequency of the current in the 
primary circuit because of reactance reflected into the pri- 
mary circuit from the frequency meter. 

Krrors usually can be avoided by first tuning the frequency 
meter to approximate resonance and successively decreasing 
the coupling and retuning the freiiuency meter until the 
maximum reading of the resonance indicator is as small as 
can be conveniently distinguished. 

Ultrahigh-Frequency Meters 

At high frequencies the inductance and capacitance of 
the leads from coil to (;apacitor in the ordinary resonant- 
circuit frequency meter are comparable to those of the coils 
and capacitors themselves. This makes the calibration of 
the instniment unstable, and it cannot be tuned except over a 
limited frequency range. 

Calibrated Transmission Lines. For measurement of fre- 
(I’lencies from about 30 megacycles up to several hundred 



Fig. 26-27 Lecher-wire system for frequency measurement,. 


megacycles, the Lecher-wire system illustrated in Fig. 26 * 27 
is useful.’® The I.»echer-wire system consists of a straight 
two-wire open-ended transmission line. Bridged across this 
line is a movable short-circuiting bar with a thermocouple 
instrument connected in parallel with a portion of the short- 
circuiting bar. 

Theory. Current through the short-circuiting bar is maxi- 
mum at positions along the line that causes the transmission 
line to be resonant at the frecpiency being measured. These 
positions are almost exactly a half wavelength apart. Fre- 
quency as related to wavelength is 

300 

f^— (26*11) 

where / = frequency in megacycles 
X = wavelength in metei-s. 

The procedure for measuring frequency is to slide the bar 
along until two maximum readings are found. The distance 
between the two positions of the bar that produce maximum 
readings, which is equal to a half wavelength, is then care- 
fully measured, and the frequency is computed from equa- 
tion 26*11. 

Spurious Effects. Sometimes the maximum, instead of 
being fairly sharp, may be broad or have a double value. 
This broadness is caused by coupling between the open end 
of the line and the portion between the source and the short- 
circuiting bar. It may be avoided by placing additional bars 
across the open end of the line or by placing a shield (a large 
grounded metal disk with a hole in its center for the trans- 
mission line) around the portion of the line bearing the short- 
circuiting bar.’^ 
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Shortening the Line. The first current maximum can be 
shifted nearer to the input end of the line by connecting a 
variable capacitor across the line between the input end and 
the short-circuiting bar.’*^^® This does not change the spac- 
ing of the maxima on the other side of the capacitor. 

Precise Measurements. For ordinary measurements of 
frequency, eciuation 26-11 gives sufficiently accurate results. 
For more precise work, the frequency is given by the for- 

149.91 

/== (1 - a) (26-12) 

s 

where s = distance in meters between positions of the short- 
circuiting bar for successive maxima 
a = a correction factor, equal to about 0.001. 

Resonant Cavities. One limitation of the Lecher-wire 
system is that, if the Avires are to act like a transmission line 
instead of an antenna, the spacing between them must l)e 
rather small compared with a wavelength. It is almost 
impossible to construct a Lecher-wire system for measure- 
ment of frequencies of 3000 megacycles or above. Meas- 
urement of frequency in this range involves the use of 
resonant cavities and wave guides. As with Lecher-wire sys- 
tems, wavelength is the quantity which is measured funda- 
mentally. Frecjuency is then calculated from the wave- 
length. In general, wavelength can be determined from an 
examination of standing-wave patterns in a wave guide or 
cavity resonator. The wavelength in a resonator or guide is 
different from the wavelength in air, and depends upon the 
dimensions of the guide and its mode of oscillation.^®'^® 
Accuracy of calibrated, adjustable resonant cavities is com- 
parable with that obtained Avith the common coil-and-capac- 
itor frequency meter already described. 

26-5 TIME-INTERVAL AND SPEED METERS 

Circuits used for measuring time intervals can be adapted 
to measurement of sp)eeds of moving bodies by measuring 
the time interval that elapses while the moving body travels 
between two points a known distance apart. 

Methods of Measucing Time Intervals 

Synchronous Clocks. Time intervals from a few seconds 
to a few minutes are usually measured by causing a syn- 
chronous clock or 60-cycle impulse counter ®® to start at the 
beginning of the time interval and to be de-energized at the 
end of the interval. 

Change of Charge on Capacitor. Shorter time intervals 
ranging from a fraction of a second to a few seconds are 
measured by causing a constant current to start charging a 
capacitor at the beginning of the interval and cutting off 
the current at the end of the interval. The change of poten- 
tial across the capacitor is measured and is a function of the 
time interval. 

Cathode~Ray Oscilloscope. Measurement of intervals 
ranging from a few microseconds to a few milliseconds is 
most conveniently made by causing a small vertical pulse or 
pip to appear on an oscilloscope screen at the beginning and 
end of the time interval. The oscilloscope must be provided 
with a sweep circuit which carries the^am horizontally at a 
known constant speed during the time interval. 
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Design of Time^Interval Meters. S}mchronous clocks are 
started and stopped, impulses are counted, and capacitors 
are charged, usually by a so-called ‘‘trigger circuit"' or elec- 
tronic switch. Some trigger circuits utilize thyratrons; others 
use vacuum tubes. 

Thyratron Trigger Circuit. Figure 26-28 shows a trigger 
circuit using thyratrons.” The grids of both tubes are biased 


Cl 



so that the tubes are non-conducting. Suppose that thyra- 
tron VI is made to conduct by momentary application of a 
positive potential to its grid. Capacitor Cl then becomes 
charged, because of the potential drop in resistor ftl. The 
plate of the capacitor adjacent to tube Fl is at the lower 
potential. If the grid of thyratron V2 now is made positive 
momentarily, this tube conducts. The potential at its anode 
drops suddenly from the supply voltage to the tube-drop 
voltage. Capacitor Cl cannot discharge and recharge to the 
oppowsite potential instantaneously. Therefore, the anode 
potential of Fl is momentarily reduced, and the tube stops 
conducting. Similarly, a positive pulse applied to the grid 
of Kl causes conduction to transfer from y2 to FI. The 
changing potentials at the anodes of the two tubes can be 
utilized to control other circuits. 

Vacuum-Tube Trigger Circuit. Figure 26-29 shows one of 
the simpler and more reliable of the trigger circuits utilizing 


R 4 



vacuum tubes.®® Anode and grid potentials and resistors are 
chosen in such a way that, when tube FI carries anode cur- 
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rent, the potential on the grid of V2 is below the cut-off value. 
If a positive potential is applied to the grid of 72, anode 
current starts. The potential at the anode of this tube de- 
creases, and the decreased potential is transmitted to the 
grid of 71 through resistor RS, The decreased grid potential 
applied to 71 causes an increased anode potential of that 
tube, which is communicated to the grid of 72 through 
resistor /24, thereby further increasing anode current in 
tube 72 and decreasing the current in tube 71. In this 
way, conduction is transferred almost immediately from 71 
to 72 if a positive potential is momentarily applied to the 
grid of 72. Similarly, conduction transfers back to 71 if a 
positive potential is applied to its grid, or if a negative poten- 
tial is applied to the grid of 72. 

Methods of Actuating Trigger Circuits. Signals for con- 
trolling trigger circuits can be supplied by contacts across 
resistors R5 and /i6, by microphones across R5 and /f6, by 
photoelectric cells in scries with R3 and R4j or by a combina- 
tion of these methods. 

Figure 26*30 is the simplified circuit of a race timer.®® 
Tubes 71 and 72 constitute a trigger circuit controlled by 
the microphone and by phototube 73. Tube 74 acts as a 
switch which controls a-c power to tiie impulse counter. 
The sound of the starter's gun is picked up by the microphone 
and stops conduction in 72. The change in anode potential 
of V2 raises the potential of the grid of V4, allowing it to 
conduct every positive half cycle of the applied alternating 
anode voltage and thereby energizing the impulse counter. 
Interruption of light to the phototube at the end of the ra(^e 
stops conduction in phototube 73. Grid potential of 71 is 
thereby reduced below cut-off. The accompanying rise in its 
anode potx^ntial initiates conduction in 72. The decrease 
in anode potential of 72 is (jommunicated to 74, biasing it 
below cut-off and stopping the impulse counter. 



Fio. 26*30 Race timer circuit. 


Figure 26*31 is a variation of this circuit for the measure- 
ment of shorter time intervals, and it is adapted to measure- 
ment of speed of moving bodies. When 73 conducts, the 
grid of 75 is biased below cut-off. Interruption of light to 
phototube 71 decreases the grid potential of 73 and stops 
conduction, raising the grid potential of 72 above the cut-off 
point, and capacitor Cl charges at essentially constant cur- 
rent through 76. Interruption of light to phototube 72 
initiates the reverse cycle in the trigger circuit and stops the 
charging of capacitor Cl. Potential across Cl is measured 
by a transfer characteristic voltmeter consisting of tube 76 
And the milliammeter. The time interval between the inter- 


ruption of light through the two phototubes depends upon 
the difference in milliammeter reading before and after the 
time interval. The instrument can be calibrated by inter- 
rupting light to the phototubes by a freely falling body or 
the bob of a pendulum of known length. 



26-6 STROBOSCOPES 

A stroboscope is an instrument for studying periodic and 
rotary motion by rendering the moving body visible at only 
discrete points in its path. Usually the stroboscope consists 
of a source of brilliant flashes of light plus equipment which 
supplies power to the light source and controls the frequency 
of flashing. 

Applications of the Stroboscope 

Motion Study. The principal use of the stroboscope is in 
the study of rotary and reciprocating motions of high-speed 
machinery. Under ordinary steady light, bodies moving at 
high speed appear as a blur. When these motions are exam- 
ined under light that flashes brilliantly approximately once 
per cycle of motion, the body is seen clearly and appears to 
be either stationary or moving slowly, depending upon 
whether the frequency at which the light flashes is exactly 
or approximately equal to the frequency of motion. Motion 
study of high-speed machinery under stroboscopic light gives 
information that cannot be obtained by running the machin- 
ery slowly, because centrifugal and inertia forces often cause 
distortion of moving bodies at high speeds. The same in- 
formation can l)e secured from high-speed motion pictures. 
In addition, slow-motion pictures provide a permanent record 
from which accurate measurements can be obtained. The 
photographic equipment involved, however, is relatively ex- 
pensive and difficult to set up. For most routine investiga- 
tions, visual examination under stroboscopic light gives all 
the data needed. 

Dynamic Balancing. In some dynamic balancing ma- 
chines, the stroboscope is used to illuminate the work piece 
during its revolution when the point at which correction for 
unbalance is to be made passes under a pointer (see Section 
26*8). 

Measurement of Frequencies. The stroboscope can be 
used to measure speeds of rotation and frequencies of recip- 
rocating motion. The advantage of the stroboscope over 
other instruments is that it imposes no mechanical load on 
the machinery on which measurements are being made. 
Thus, it does not disturb it from its normal speed or frequency 
of motion. 
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Stroboscope Design The product of brilliance times the duration of the flash 

Light Characteristics. The flashes of light should be as determines the level of stroboscopic illumination. This 
brilliant and as short as possible. The speed of the motion niust be much greater than the level of general background 

illumination. 

Frequency. The frequency of light flashes must be fairly 
stable and adjustable over a wide range. For some investi- 
gations, it is desirable to ‘‘freeze” the image by adjusting the 
frequency of flashes to correspond exactly with the frequency 
of motion. For other purposes it is better to cause the appar- 
ent motion to be much slower than that of the actual machine 
by adjusting the light to flash at a slightly lower frequency 
than that of the motion. 

Effects of Stroboscopic niumination 

The apparent frequency of motion is the difference between 
the actual frequency of motion and the frequency of the 
stroboscopic light. If the light flashes at a slightly higher 
frequency than the motion, the apparent motion is at the 
difference frequency and in the reverse dimetion. Many 
“trick” effects are obtainable with a stroboscope. 

Consider a rotating disk containing a set of twelve dots 
arranged in a circle about the center of rotation and a set of 
nine dots arranged in a concentric circle. Under stroboscopic 
light at various frequencies, the entire pattern may seem to re- 
main stationary; both circles of dots may move in the direc- 
tion of revolution at the same speed; both circles may move in 
a direction opposite to the revolution at the same speed ; both 
circles may rotate in apparently opposite directions; or the 
circles may be made to appear to rotate in the same direction 
at different speeds. 

Stroboscopic Light Sources and Control Circuits 

Glow Lamp. The simplest stroboscopic light source is the 
that can be studied is determined -by the shortness of the neon glow lamp. It does not give particularly brilliant ilium- 
light flashes. If the object under study moves appreciably ination, nor is its duration short enough for many purposes, 
during the flash, the observed image is somewhat blurred. One common use is for measurement of speeds of phonograph 




Fig. 26 ’32 Neon-filled thyratron. 


Fig. 26 * 33 Diagrammatic view of Strobotron tube. 


Fig. 26 ’34 Starting characteristic of the Strobotron. 
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centric circles of different numbers of dots is put on the turn- 
table in place of the record, and is examined under light 
from the neon glow lamp energized from a 60-cycle power 
line. The rotational speed of the turntable is determined 
by observing which circle of dots appears stationary. This 
glow lamp can be used as a stroboscope at frequencies other 
than 60 cycles by using it in a simple relaxation oscillator 
circuit (see Chapter 17). 

Neon~Fitled Thyratron. A neon-filled thyratron is a simple 
and satisfactory stroboscopic light source. The type KU610 
tube has been developed especially for this purpose and is 
widely used as a strobosc^opic light source in dynamic balanc* 
ing equipment. To obtain the greatest usable amount of 
light, the internal stnicture of the tube, as may be seen in 
Fig. 26*32, is slightly different from that of conventional 
thyratrons. The filament is in the upper end of the bulb. 



at flashing frequencies up to 150 cycles per second. Figure 
26*35 is a simplified diagram of a stroboscope utilizing the 
Strobotron. Flashing is initiated by a multivibrator consist- 
ing of tubes FI and V2. During the time the Strobotron is 



Fig. 20-36 Stroboglow lamp. 


The anode, near the center of the bulb, is in the form of a 
small pin and is completely surrounded by the grid. The 
grid is a solid sheet-metal (cylinder which contains one small 
hole in the end facing the filament. When the tube is con- 
ducting, a brilliant red glow fills the space between the fila- 
ment and the hole in the grid. This tube is utilized in the 
circuit of Fig. 26 * 54. The action of this circuit is described 
in Section 26*8. 

The Strobotron. One of the most popular stroboscopes is 
built around the Strobotron tube,®” ®^ a cold-cathode gas- 
discharging tube. Its internal structure is shown in Fig. 
26 *33. The cathode is cesium-coated. The two grids are 
used to start the discharge in the gas, which is neon and 
produces intense red light. The tube functions like a hot- 
cathode thyratron in that once the discharge is started the 
grids lose control and the discharge can be stopped only by 
removing the anode potential. The firing characteristics of 
this tube, however, are different from those of the conven- 
tional thyratron, as shown by Fig. 26*34. This is a plot 
of outer grid potential as abscissas and inner grid potential as 
ordinates. A region about the origin is shaded and bounded 
by a solid line within which conduction does not take place. 
If the potential of either the outer or the inner grid is in- 
creased or decreased to a point outside the shaded area, con- 
duction starts and is extinguished only by removal of the 
anode potential. 

Strobotron Firing Circuit. Equipped with a suitable re- 
flector and firing circuit, this tube is a satisfactory stroboscope 


flashing, capacitor Cl discharges through it until the anode 
potential is too low to maintain conduction. The Strobotron 
then goes out and waits for the next impulse from the 
multivibrator. F reqiiency of the multivibrator is controlled 
by variation of the positive grid bias applied to it, and by the 
size of coupling capacitors C2 and C3. 

Low-Pressure Arc. The most brilliant flashes of light of 
shortest duration are obtainable with a simple glass tube with 
electrodes sealed in the ends and filled with neon or mercury 
vapor at a reduced pressure. Figure 26 *36 shows such a 



Fig. 26*37 Stroboglow unit. 


stroboscopic lamp. Both electrodes are cold, but the one 
intended to act as the cathode is made of a material that has 
a lower work function than the material of the anode. 

Action of Arc Tubes. Flashing of this lamp is initiated by 
an electrical impulse of high amplitude and steep wave front 
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applied to an electrode outside the glass envelope. This 
impulse ionizes some of the gas molecules inside of the tube 
and starts a discharge that is self-sustaining until the anode 
potential is removed. After removal of the anode potential, 
the return of the stroboscopic lamp to a non-conducting 
condition is more rapid than in any of the stroboscopic light 
sources previously described. This is because of its high 
ratio of surface to gas volume, and because ions recombine 
with electrons chiefly on surfaces. The stroboscopic tube il- 
lustrated can produce a 300,000-candlepower flash which 
lasts only 10 microseconds. Figure 26-37 is a view of a 
stroboscope designed around this lamp, and Fig. 26-38 is a 
simplifled diagram of its circuit. 



Arc^Tube Firing Circuit In this circuit, thyratron Kl, 
vacuum tube F2, resistor /?!, and capacitor Cl function as 
they do in the sweep-circuit oscillator described in Chapter 9. 
When the capacitor has been charged to a potential at which 
thyratron Vl becomes conducting, it discharges through the 
primary winding of step-up transformer Tl and the thyra- 
tron. The resulting high potential suddenly applied to the 
electrode adjacent to the stroboscopic lamp produces enough 
ionization to start conduction in the lamp, which persists for 
a short time until discharge of capacitor C2 removes anode 
potential from the stroboscopic lamp. The frequency at 
which the lamp flashes is controlled by varying resistor /21, 
thus varying the charging rate of capacitor Cl. 

26-7 CATHODE-RAY OSCILLOSCOPE 

The cathode-ray oscilloscope is probably the most versatile 
and most widely used of all electronic instruments. It is 
widely used in industrial measuring equipment and in testing 
equipment of various kinds. 

Function of an Oscilloscope 

The cathode-ray oscilloscope is a d^ice for plotting any 
quantity that can be converted into an electrical potential 
on an axis of time or an axis of some other variable that can 
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be converted into an electrical potential. Thus, it can be 
used for studying and measuring periodic and transient 
variations of electrical quantities such as voltage, current, 
and frequency; mechanical quantities such as displacement, 
speed, force, acceleration, and time; and optical quantities 
such as brightness and illumination. 

The small inertia of an electron beam makes it ideal for 
converting high-frequency or rapid-transient phenomena into 
a visible indication or photographic record. The upper fre- 
quency limit of an oscilloscope is reached when the period of 
one cycle, or the duration of the transient being studied, 
approaches the length of time an electron remains the field 
of the deflecting plates of the oscilloscope tube. 

Cathode-Ray Tube. Most cathode-ray tubes contain fluo- 
rescent screens for visual observation of the phenomenon 
under examination Photographic records are made by photo- 
graphing the luminous trace that appears on the screen. A 
few demountable cathode-ray tubes have been so made that 
photographic plates can be inserted into the vacuum. Such 
tubes have been used for the study of transients of random 
and infrequent occurrence. 

Fluorescent-Screen Characteristics. Fluorescent materials 
for cathode-ray-tube screens arc classified according to per- 
sistence and color or spectral-energy distribution. The 
persistence of a screen is a measure of the time required for 
the light emission to decay after the electron beam has passed 
on to some other spot. For general use, a screen of medium 
persistence is used. For observation of transients or low- 
frequency phenomena, a screen of long persistence is prefer- 
able. For visual work, a screen material that produces a 
pleasing color is chosen ; green is a favorite. For photographic 
work, blue screens are often used, because most film is more 
sensitive to radiations at the blue end of the spectrum. Ex- 
cellent pictures can be taken, however, with green screens. 

Special-Purpose Oscilloscope Tubes. Most cathode-ray 
tubes contain hot cathodes of the indirectly heated unipoten- 
tial type. The upper frequency limit of a cathode-ray tube 
is extended by operating the tube at a high anode potential 
to increase the velocity of the electron beam. In tubes de- 
signed to operate at the highest anode potentials, cold 
cathodes are used. The electron beam fonns some positive 
ions in the residual gases in the tube. These ions are acceler- 
ated toward the cathode by the anode potential. High- 
speed positive-ion bombardment would destroy the emitting 
properties of an oxide-coated or thoriated-tungsten cathode, 
and a pure tungsten cathode at emitting temperature gives 
off too much light. Tubes that are demountable so that 
photographic films or plates can be inserted into their en- 
velopes usually contain cold cathodes which enable them to 
withstand the effects of positive-ion bombardment. The 
vacuum in such a tube is not usually as good as can be pro- 
duced in a permanently sealed tube containing a getter. 

Deflecting Ampliflers. The design of amplifiers to supply 
potentials to the deflecting electrodes of a cathode-ray tube 
is a painstaking job. For faithful reproduction of complex 
wave shapes, the gain of an amplifier should be almost uni- 
form over a wide frequency range. Phase shift and non- 
uniform gain in an amplifier are related.” Usually phase 
shift appears before the gain has deviated enough to have a 
serious effect by itself. Therefore, the bandwidth for which 
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the amplifier must have flat response is somewhat wider than 
might at first be thought necessary. 

Amplifier Frequency Range. An amplifier for general use 
with cathode-ray tubes has a bandwidth of 100 kilocycles per 
second or so with a lower frequency limit of 5 to 10 cycles, 
although for special purposes an amplifier with a bandwidth 
or 2 megacycles may be used. Oscilloscope amplifiers usually 
are resistance-coupled. Gain is made uniform over the wide 
band by use of high-mutual-conductance amplifier tubes 
with inductive compensation in their anode circuits, and with 
inverse feedback. Good response at low frequencies requires 
large coupling capacitors with a minimum of dielectric leak- 
age and absorption. To prevent ^^motorboating,” the power 
supply usually must be carefully regulated and must present 
a low Impedance to the amplifier. To obtain good response 
at high frequencies, stray capacitances to ground from high 
impedance circuits must be avoided. To prevent high- 
frequency oscillation, circuit components, wiring, and grounds 
must be laid out so that stray coupling between output and 
input is minimized. 

Amptifier^Output Circuits. For cathode-ray tubes with 
screens smaller than about 3 inches in diameter, the amplifier 
output can be connected to one member of the pair of deflect- 
ing plates, the other member of the pair being grounded. 
For larger tubes, the amplifier must have a balanced output 
circuit so that the average potential of each pair of deflecting 
plates is constant; otherwise the electron beam does not re- 
main in focus at the extremes of its deflection. 

Attenuators. The attenuator used in the input circuit of 
the amplifier also can cause distortion unless a suitable 
variable capacitor is connected between the attenuator-input 
terminal and the adjustable center tap of the attenuator to 
compensate for stray amplifier-input capacitance from the 
attenuator center tap to ground. 

Sweep Circuits. Most oscilloscopes for general use con- 
tain a time base or sweep circuit using thyratrons. Such 
circuits are satisfactory for maximum sweep frequencies from 
20 to 50 kilocycles. At higher frequencies such circuits fail 
to function because the time recpiired for a gas tube to 
deionize is comparable with the time of a sw eep cycle. For 
high-sweep frequencies, vacuum-tube circuits are used. In 
such circuits, the thyratron usually is replaced by a biased 
multivibrator or similar trigger circuit, w^hich is set off by the 
sweep circuit output voltage reaching a predetermined max- 
imum value at the end of each cycle.®* 

Use of the Oscilloscope 

Measurement of Amplifier Gain. An approximate measure 
of amplifier gain can be made as shown in Fig. 26-39. With 
the switch in position 1, the slider P of the potentiometer is 
adjusted to give a pattern of convenient height on the oscillo- 
scope screen. Resistance from P to ground is measured, and 
is denoted by Ri. Next, with the swfitch in position 2, the 
slider P is adjusted to produce a pattern on the oscilloscope 
of the same height previously used. Resistance from P to 
ground is measured again, and is denoted by /? 2 . The voltage 
gain of the amplifier then is 

Ri 

Gain = — 

R2 


Phase and Distortion Measurement. The oscilloscope is 
useful for detection and location of distortion and phase shift 
in amplifiers, transformers, and other three- or four-terminal 
networks. A signal generator supplying a sinusoidal voltage 





Fia. 26 • 39 Method of uning oscilloscope to measure amplifier gain. 

is conne(!tcd to the input of the amplifier and to the hori- 
zontal-deflection circuit of the oscilloscope. The output 
terminals of the amplifier are connected to the vertical- 
deflection circuit of the oscilloscope, and the resulting pattern 
is observed on the screen. A straight line. Fig. 26-40 (a), 
indicates absence of phase shift and distortion. A line which 
is not straight, Fig. 26-40 (6), indicates distortion without 



0 CIRCUIT FOR CHECKING AMPLIFIER PERFORMANCE 



b NO DISTORTION c DISTORTION d NO DISTORTION 

NO PHASE SHIFT NO PHASE SHIFT PHASE SHIFT 

Fig. 26-40 Method of using oscilloscope to check distortion and phase 

shift. 

phase shift. A smooth ellipse. Fig. 26-40 (c), indicates phase 
shift without distortion. The amount of phase shift is 
approximately 

Yo 

Y 


(26-13) 


tan</» 


(26-14) 
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where 0 = phase angle by which the potential applied to the 
vertical-deflection plates leads or lags that applied 
to the horizontal-deflecting plates 
Yq, 7 = pattern dimensions defined in Fig. 26*40. 

If the potential applied to the vertical-deflection plates leads 
or lags that applied to the horizontal-deflection plates by 
more than 180 degrees, the major axis of the ellipse lies in the 
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Fia. 26*41 Oscilloscope patterns for <letection of phase aiul frequency 

modulation. 


second and fourth quadrants instead of the first and third 
quadrants used in the illustration. The fonnula for the phase 
angle, however, is the same. 

Modulation Indication, Phase and frequency modulation 
in the output of a radio transmitter are easily detected by the 
cathode-ray oscilloscope.’^ A portion of the output of the 


pattern on the screen indicates phase or frequency modula- 
tion as shown in Fig. 26*41. 

Modulation Measurement. The degree of amplitude mod- 
ulation may be measured, and distortion in the modulation 
may be detected if it is present.*^ A portion of the output 
of the modulating system supplied to the horizontal-deflec- 
tion plates produces a pattern similar to one of those of Fig. 
26*42. If no distortion is present, the pattern can be made 
to be bounded by straight lines by adjusting the phase of the 
audio voltage. 

Frequency-Response Measurement, Frequency response 
of amplifiers, filters, and coupled tuned circuits such as those 
in radio receivers can be determined with a cathode-ray 
oscilloscope and an adjustable-frequency signal generator 
with a motor-driven tuning capacitor. Directly coupled to 
the shaft of the tuning capacitor is a potentiometer arranged 
for continuous rotation. The output of this potentiometer 
is fed to the horizontal-deflection plates of the oscilloscope 
so that for each position along the horizontal base line there 
is a corresponding frequency of the tuning capacitor. Output 
of the signal generator is fed into the circuit under test, and 
the output of the circuit is connected to the vertical-deflec- 
tion plates of the oscilloscope. The luminous area on the 
screen is symmetrical about the horizontal base line, and 
the envelope of the upper half of the area is the frequency- 
response curve. The output of the circuit under test can be 
rectified and filtered; then only the frequency-response curve 
appears on the screen. Various modifications of this basic 
plan have been used. The equipment described by Ham- 
burger contains several refinements, including continuous 
calibration for amplitude and fre(|uency. 

Bridge-Balance Indication, If the output of a signal gen- 
erator used to supply an a-c bridge contains harmonics, it is 
usually impossible to obtain a null or a sharp balance because 
a-c bridges can be balanced for only one frequency at a time. 



DISTORTED MODULATION 
WITH PHASE SHIFT 

Fiq. 26*42 Oscilloecopc patterns for measurement of amplitude modulation. 


master oscillator of the transmitter is applied to the hori- 
zontal-deflection plates. Part of the transmitter output is 
fed to the vertical-deflection plates, and the phases of the 
two voltages are adjusted to produce a straight line on the 
oscilloscope screen when the transmitter is not modulated. 
Then, when the transmitter is modulated, the shape of the 


Iron-core components in the bridge circuit also produce har- 
monics which prevent sharp balance if a simple voltmeter 
or set of earphones is used as the balance detector. In using 
the oscilloscope as a balance detector the bridge output is 
applied to the vertical-deflection plates, and the ordinary 
linear sweep, synchronized with the input to the bridge, is 
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applied to the horizontal-deflection plates. The oscilloscope 
indicates the wave shape of the bridge output on the screen, 
and makes it relatively easy to find the null point for the 
fundamental even with relatively large harmonic compo- 
nents. 

Transmission Lines,^ If a signal is fed into a transmission 
line, the receiving end of which is terminated by an impedance 
below the characteristic value of the line, the signal is reflected 
from the receiving end with a reversal of phase. If the line 
is terminated by an impedance above its characteristic value, 
the signal is reflected without reversal of phase. If the line 
is terminated in its characteristic impedance, all the energy 
of the signal is absorbed in the load and there is no re- 
flection. 

To determine whether a line is properly terminated, the 
vertical-deflection plates of the oscilloscope are connected 
across the sending end of the line. The horizontal-deflection 
plates are excited by the usual linear-sweep circuit. A gen- 
erator of single pulses is conne(!ted to the sending end of the 
line. If a series of pulses, all in the same direction, appear on 
the screen, the line is terminated in too high an impedance. If 
the pulses are in alternating directions, the line is terminated 
in too low an impedance. If only a single pulse is seen, the 
line is terminated in its characteristic impedance. 

Coi7 Testing. A rather interesting application of the 
cathode-ray oscilloscope is in the testing of ele(;tri(5al wind- 
ings, such as motor coils, transformers, and relay coils. 

A capacitor charged to twice the test voltage is discharged 
periodically through the winding under test and a standard 
winding of identical design in series. The vertical-deflection 
plates of an oscilloscope arc switched in synchronism with 
the discharge of the capacitor to record alternately the 
potential across the winding under test and the potential 
across the standard winding. The horizontal-deflecttion 
plates are supplied by a linear-sweep ciixniit synchronized 
with the discharge of the capacitor in such a way that the 
cathode-ray beam begins its journey from left to right at the 
instant of capacitor discharge. If both windings are iden- 
tical, only a single trace, which shows the wave shape of the 
surge, shows on the cathode-ray screen. If the winding under 
test has one or more short-circuited turns or a ground fault, 
however, the wave shapes of the surges across the two wind- 
ings are different, and because of persistence of the screen 
they appear as two distinct traces. Figure 26-43 is a photo- 
graph of equipment developed for this method of insulation 
testing. 

Study of Transients. So far, most of the applications of 
the oscilloscope have been concerned with repetitive phenom- 
ena, but it is quite as useful for the study of transient phe- 
nomena. Transients may conveniently be divided into three 
classifleations. The first consists of those under control of 
the investigator, whi(!h he can initiate at will. Switching 
surges are good examples. The second type consists of 
phenomena of random but frequent occurrence. Geiger- 
counter discharges caused by cosmic rays or other ionizing 
radiation are examples. The third type of transient consists 
of phenomena of random and infrequent occurrence, such as 
power-line surges caused by lightning. 

Transients Initiated by Operator. The method of using 
an oscilloscope to study transients depends upon the nature 


of the transient according to the foregoing classes. Ordi- 
narily the simplest way to study transients of the first class 
is to use an oscilloscope with a linear-sweep circuit so ar- 
ranged that the transient is initiated once during every sweep 
cycle; that is, the sweep circuit is made to control the occur- 
rence of the transient in suc^h a way that it becomes a repeti- 
tive phenomenon while it is being studied. 



Fia. 26*43 Surge comparison tester. 


Frequent Transients. For transients of the second class 
a linear-sweep circuit operating at any convenient frequency 
is used. A camera is set up before the oscilloscope, which 
may have a mask placed over the horizontal base line. The 
shutter of the camera is left oi)cn long enough to insure that a 
picture of the transient being studied is obtained, and is then 
closed. 

Infrequent Transients. Study of transients of the third 
class by this method would result in long waits with the 
camera shutter open. By the time the transient occurred, 
the film would probably be ruined by stray light from the 
screen. For this type of transient a linear-sweep circuit that 
causes the cathode-ray Ix^am to start across the screen when 
the transient occurs is used. Usually the beam is blocked off 
by a negative bias applied to the first grid of the cathode-ray 
tube. The bias is removed simultaneously as the sweep is 
initiated. The screen then is dark until the transient occurs, 
and the camera shutter can be left open for a long time with- 
out danger of inining the film. 

Time-Delay Circuits. Unfortunately, the transient volt- 
age must rise from zero to some predetermined value to 
initiate the beam and its sweep. Often the time required for 
a signal to travel from the input terminals of the oscilloscope 
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to the place at which it starts the sweep is greater than the 
time required for the same signal to travel through the ampli- 
fier applying it to the vertical-deflection plates. The first 
part of the transient then is not recorded on the screen, and 
is lost. If it is important that the first part of the transient 
be recorded, time delay can be introduced in the path 
traveled by the transient to the vertical-deflection plates. 
The simplest time-delay circuit consists of a length of properly 
terminated transmission line immediately following or preced- 
ing the vertical-deflection amplifier.®® 

26-8 BALANCING MACHINES 

A body under the action of no forces other than that of 
gravity can rotate only about an axis through its center of 
gravity. Furthermore, it can rotate stably only about one 
of its three so-called principal axes of inertia.®® For bodies 
of simple shapes such as parallelepipeds, ellipsoids, and 
cylinders the principal axes of inertia usually coincide with 
the geometric axes. 

Unbalance in Rotating Bodies 

If a rotating body is suspended in bearings, as most rotat- 
ing bodies are, it is effectively constrained to rotation about 
the journal axis. If the journal axis does not coincide with a 
stable axis of rotation (principal axis of inertia) the con- 
straints must exert forces to keep the body rotating about 
the journal axis. The projections of these forces on any 
plane alternate at a frequency equal to that of the frequency 
of rotation of the body. 

Unbalance in a rotating member exerts rotating forces at 
the rotation frequency on the bearings. These forces are the 
resultants of the rotating centrifugal forces and couples ex- 
erted on the rotor by the unbalances. The forces are propor- 
tional to the product of the weight of the unbalance, its 
distance from the axis of rotation, and the square of the 
speed. These forces may rise to astounding values even for 
small unbalances. A practical rotor that might easily have a 
static unbalance of 0.1 ounce at a distance of 1 inch from the 
axis of rotation would weigh perhaps 2)^ pounds. At a 
speed of 1800 revolutions per minute the total bearing load 
would be approximately double the static load. One serious 
effect of unbalance is that it shortens bearing life by increasing 
bearing load. This is particularly true in high-speed machin- 
ery. 

Another bad effect of unbalance is the vibration it causes. 
Vibration may be transmitted to panel boards and cause 
damage to indicating instruments; it loosens nuts and screws, 
fatigues parts stressed by vibratory forces, and causes noise 
and annoyance to people in the vicinity. Today many small 
and medium-size motors operate at 3600 revolutions per 
minute, as do large power-plant turbines. Textile machinery 
operates at 8000 revolutions per minute, and marine-propul- 
sion turbines operate at about 4000 revolutions per minute. 
Gas turbines are expected to run at 10,000 to 20,000 revolu- 
tions per minute, and precision grinding equipment and 
gyroscopic devices are operated at speeds approaching 60,000 
revolutions p>er minute. The development of balancing 
equipment was brought about by this trend and has helped 
to continue it. 


Balancing Machines 

The Wattmeter Method of Vibration Measurement To 
find the amount and the angular location for unbalance cor- 
rection, it is necessary to measure both the amplitude and 
the phase of the vibration which the unbalance produces. 
One method of vibration measurement is the so-called watt- 
meter method illustrated in Fig. 26*44. A two-pole a-c 
generator is coupled or geared at a 1-to-l ratio to the rotor 
to be balanced. It thus generates power at the same fre- 
quency as the rotation of the work piece. The output of 
this generator is fed to one coil of a wattmeter. A vibration 
pick-up which generates a voltage proportional to the ampli- 
tude of vibration, and with a fixed phase relationship to it. 



Fig. 26*44 Wattmeter method of vibration measurement. 


has its output connected to the other coil of the wattmeter 
directly or through a suitable amplifier. Both generator 
current and pick-up voltage are of the same frequency; 
therefore the indication of the wattmeter is proportional to 
their product times the cosine of the phase angle between 
them. The generator stator is rotatable with respect to its 
frame and, by turning it, a position at which the phase angle 
is 90 degrees and the wattmeter reads zero can be found. 
Graduations on a protractor attached to the generator frame 
show the phase angle of the vibration with respect to the 
angular position of the work piece. Since, for balancing, 
only differences between phase angles of vibration are neces- 
sary, it is not necessary to know the radius of the rotor with 
respect to which phase is measured. This radius can be found 
from a previous calibration of the apparatus if it is desired. 

Calculation of Unbalance Correction, For any rigid rotor 
the most general type of unbalance may be considered to be 
made up of two single weights, one in each of two arbitrarily 
chosen planes transverse to the axis of rotation.^®® The vibra- 
tion at each bearing pedestal consists of contributions from 
each of the balancing planes. For an ideal mathematically 
linear system, such as that shown at the top of Fig. 26 * 45, the 
vibration at each bearing pedestal is simply the vector sum 
of the vibrations of that pedestal caused by unbalances in 
plane 1 and plane 2: 

A * JcAiUi + icAsUs (26*15) 

B* kBiUi + kB2U2 (26*16) 
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where -4, J? = vibration (rotating vectors) at pedestals A 
and B respectively 

lily U 2 ^ effective unbalances (rotating vectors) in 
planes 1 and 2 respectively 

kAiykA 2 = mechanical admittances (complex quantities) 
of the dynamic system 

icBiy kB 2 = mechanical admittances (complex quantities) 
of the dynamic system. 


These equations may be rearranged ; 

B + ofA = PU 2 

and 

A + yB = &Ui 

where 


(26-17) 

(26-18) 


The quantities a and 7 can be found from 



y = 


A2 

B 2 


(26-23) 

(26-24) 


where Au Bi = change in vibrations at A and B pedestals 
caused by addition of calibration weight Wi 
A 2, -82 = change in vibrations at A and B pedestals 
caused by addition of calibration weight W 2 - 


To balance the rotor, it is not necessary to find p and a, but 
it is necessary to know Ui and U 2 in terms of Wi and W 2 I 


a = 


7 = — 


kii\ 

ICAX 

(26-19) 

. 80 + «Ao 

82 + «A2 

V2 

W2 

(26-25) 

kA 2 

kB 2 

(26-20) 

^ _ Ao 780 

Ai -+• 7^1 

Ui 

Wi 

(26-26) 


P = kB2 + akA2 (26-21) 

^ = icAi + yicBi (26-22) 

Writing the equations this way shows that linear combina- 
tions of the vibrations that are functions of the unbalance in 
either one of the planes separately can be made. 

Quantities a, 7 , p, and ir depend upon the mass and geom- 
etry of the rotor and on the spring constants of its supports. 
These constants usually cannot be computed conveniently, 
but they can be measured. First, the unbalanced rotor is 
run and the vibrations at the A and B pedestals are measured. 
Then a calibrating unbalance Wi is placed in plane 1, and 
the vibrations at the two pedestals are measured again. 
Finally, a calibrating unbalance W 2 is placed in plane 2, and 
vibrations at the two pedestals are measured a third time. 


where Ao) 80 = unbalance vibrations to be eliminated from 
A and 8 pedestals 

and the required correction weights are 

Wci = 6Wi in plane 1 (26-27) 

Wc 2 = PW 2 in plane 2 

Figure 26-46 shows a set of equipment, developed for balanc- 
ing large rotors in their own bearings, utilizing such unbalance 
calculations. The generator, which is coupled to the rotor 
and which supplies current to the field coil of the wattmeter, 
is shown on the left side of the picture. The vibration 
pick-up is on the right-hand side, and the switching and 
metering unit is in the case in the center. Figure 26 - 47 shows 
the equipment as used to balance a large alternator. 



Fig. 26-45 Twoplane rotor balancing. 



480 


Electronic InstrumerUs 


Electrical Networks for Unbalance Calculation. The cal- 
culation of unbalance can be made by rather simple electrical 
networks, one of which is shown in Fig. 26*48. The vibra- 
tion vector iio + yBo is proportional to the unbalance in 
plane 1 provided y is chosen so that 

A2 + 7^2 = 0 (26*28) 

With the network method of unbalance calculation, two 
vibration pick-ups, the output voltages of which are propor- 
tional to vibration amplitude and in a fixed phase relation to 
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Network Design. The output voltage of the unbalance 
separation networks can be measured in amplitude and in 
phase by the wattmeter method. Figure 26*49 shows a 
simplified diagram of such a balancer. For simplicity, only 
one network is shown. In the center of the network is a 
reversing switch 0-7. The function of this switch is to inter- 
change the vibration pick-ups. In the preceding discussion 
of unbalance calculation networks, it was assumed that the 
balancing planes lay on opposite sides of the center of gravity 
of the rotor and that the center of gravity was between the 
bearings. In that case, the voltage output of a pick-up caused 
by unbalance in one plane is larger if the unbalance is in the 



Fig. 26 46 Portable dynamic balancing equipment. Fig. 26*47 Balancing a large alternator rotor. 


it, are used. The operation y is performed on the voltage 
of one of the pick-ups by the combination of a phase shifter 
and an attenuator, and then the outputs of the pick-ups are 
added to produce a voltage proportional to unbalance in 
plane 1. The network is adjusted by introducing a calibrat- 
ing weight in plane 2 of an otherwise perfectly balanced rotor 
and setting the attenuator and phase shifter in such a way 
that the output of the network is zero. Once the network is 
adjusted, it can be used without further adjustment for other 
rotors of identical design. In balancing machines utilizing 
the network principle of unbalance correction, two or more 
networks, one associated with each balancing plane, are used, 
and arrangements are made to switch the outputs of the pick- 
ups to the input of the network being used. 

Design of Work Supports. If the frequency of rotation of 
the rotor is well above the resonant frequencies of the dy- 
namic system formed by the rotor and its mountings, and if 
the damping of the system is well below the value for critical 
damping, a and y are real numbers with no imaginary com- 
ponents. Physically, this means that vibrations at the two 
bearings caused by an unbalance in either balancing plane 
are in phase or 180 degrees out of phase. Phase shifters in a 
balancing machine designed to balance rotors in such an 
ideal mounting can be simple reversing switches. For a 
rotor in its own bearings, this ideal mounting is seldom, if 
ever, realized but, in machines designed to balance the rotor 
in special bearings, the idealized mounting is attained by 
supporting the bearings resiliently with materials with low 
internal damping and by the avoiding of looseness at the 
joints between vibrating parts of the mounting. The natural 
frequencies of the rotor in its work supports are purposely 
made much lower than that correspondmg to the speed ait 
which balancing is to be done. 


plane nearest the pick-up than if the unbalance is in the 
farther plane, and the network can be set up by attenuating 
the voltage of the pick-up nearest the balancing plane for 
which the network is to be set up. If both balancing planes 
are on the same side of the center of gravity, and sometimes 



Fig. 26*48 Electrical network for calculation of unbalance correction. 

if the center of gravity is not between the bearings, the fore- 
going statement is not true, and it is necessary either to 
amplify the output of one pick-up or to interchange the 
pick-ups in order to set up the networks. Of the two methods, 
the latter is simpler. To avoid starting out with a perfectly 
balanced rotor, a method of introducing voltages in series 
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with the pick-ups in order to simulate a balanced rotor has The operator then can read the unbalances from the nulling 
been devised. | potentiometer dials and need not remember the meter read- 



Compensationfor Original Unbalance. Tlie compensating 
generator supplies potentials in the pick-up circuits that 
simulate a balanced rotor so far as the wattmeter is concerned, 
and thus makes it possible to set up the networks without 
first balancing one rotor of each design by a cut-and-try 
process. Because the nulling generator introduces a poten- 


ings. Figure 26*50 is a view of such a machine. Figure 
26*51 shows one of the largest balancing machines of this 
type ever built. A 50-ton marine-propulsion gear is shown 
in the work supports. 

Stroboscopic Location of Unbalance. For balancing small 
rotors weighing from a few ounces to 300 pounds or so, a 



Fia. 26*50 Universal-tjrpe balancer. (Courtesy of Gisholt Machine Company.) 


tial in series with the output of the network, the meter read- simpler method than the wattmeter method can be used, 
ing can be adjusted to zero with the nulling potentiometer. The amplitude of the output of the unbalance separation 
t J. G. Baker, U. S. Patent 2315478. networks is measured by an onlinary d-c instrument after it 
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has been amplified and rectified. The phase angle of the 
network output is determined by causing it to initiate firing 
of a stroboscopic light source once per cycle. This strobo- 
scopic light on the rotor, which has had identifying markings 



Fig. 26*51 Balancer for 50-ton marine propulsion gear. (Courtesy of 
Gisholt Machine Company.) 


placed around its periphery, apparently causes it to stand 
still. A pointer attached to the frame of the machine can 
be positioned so that it is over either the heavy spot or the 
light spot of the rotor when the light flashes. Figure 26*52 
is a simplified diagram of such a balancing machine. 

Amplifier Design. In all machines used for precision bal- 
ancing, the minute electrical signals from the pick-ups must 
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To achieve the necessary smallness of phase shift (most 
balancers are limited to 2 or 3 degrees of phase-angle error) a 
large amount of inverse feedback is employed. Variation of 
gain of an amplifier with frequency is related to the variation 
of phase shift of the output with respect to the input with 
respect to frequency.®* Phase shift is much more sensitive 
to frequency than is gain. Therefore, an amplifier with small 
variation of phase shift has an exceedingly uniform gain. 

Stroboscopic Light Source. The stroboscopic balancer 
shown in Figs. 26*52 and 26*53 utilizes the type KU610 tube. 
The cycle of the unbalance signal at which the light flashes 
must not vary with frequency or signal amplitude. Variation 
of flashing time with frequency is kept small by keeping 
small by the means previously described the variation of 
phase shift in the amplifier which precedes the stroboscope 
circuit. 

Variation of flashing time with amplitude of signal is kept 
small in the circuit shown in Fig. 26*54. When the KU610 
is not conducting, capacitor C2 charges through resistor R5 
to approximately the anode-supply potential. The grid bias 
is suffi(;ient to prevent tube conduction. The input signal is 
generally a sine wave applied to the grid of VI, which is a 
pentode with sharp cut-off. The amplitude of the signal is 
large enough to swing the grid of VI far below the cut-off 
point and far above the grid-current point. Grid current is 
limited, however, by resistor R2, The output of VI across 
RZ is a series of square waves with nearly vertical sides and 
approximately flat tops. Capacitor Cl and resistor R4: form 
a differentiating circuit. The reactance of Cl is large com- 



Fig. 26*52 StroboBcopic-type balancer circuit. 


be amplified. Exact measurement of the phase angle of the 
signal is as important as exact measurement of its amplitude. 
For this reason some special problems in amplifier design are 
created. The circuits usually are class A resistance-capaci*^ 
tance-coupled or transformer-coupled. 


pared with the resistance of /24 at all frequencies in the oper- 
ating range. This circuit causes the mathematical derivative 
of the output of VI to appear across transformer Tl and on 
the grid of the KU610. The wave shape of this voltage is a 
series of sharp spikes in alternately negative and positive 
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directions. Spikes in the positive direction, applied once per 
cycle of input signal to the grid of ihe KU610, cause capacitor 
C2 to discharge through the tube which emits light. If the 
potential across C2 and LI becomes less than the ionization 
potential, the KU610 becomes non-conducting, and the grid 
regains control. The time during which the spike applied 
to the grid of the KU610 keeps it above the firing potential 
must be shorter than the time recpiired for C2 to charge 
through Rb, Otherwise, the KU610 ignites twice in quick 
succession per cycle of input and produces a blurred or mul- 
tiple image. As applied to dynamic balancing machines, 
the formation of square waves by FI and their subsequent 
differentiation assures that the KU610 will fire at the same 



Fia. 26 • 53 Stroboscopic- tyix? balancer. (Courtesy of Gisholt Machine 

Company.) 


cyclic interval of input signal each time, regardless of varia- 
tion in amplitude of the incoming signal. 

Extraneous Vibrations. If the wattmeter scheme of vibra- 
tion measurement is used, the wattmeter filters out the effe(!ts 
of all vibrations not causc'd by unbalance, that is, of fre- 
quencies differing from that of rotor rotation. In the strobo- 
scopic balancer it is usually necessary to include a filter 
tunable to the frequency of rotation in the input circuit of 
the amplifier to avoid spurious indications caused by vibra- 
tions from nearby machinery or out-of-roundness of the rotor 
shaft. In the stroboscopic balancer of Figs. 26-56 and 26 -53 
the filter is shown as a narrow band-pass filter in the input 
to the amplifier. Such a filter can be sufficiently selective for 
all but the highest precision balancing. 

Precision Balancing. During the last few years, there has 
been a need for equipment that will balance rotors so that 
their free vibration at mnning frequency will be less than 
0.000002 inch. With few exceptions, rotors of this type run 
in ball bearings. The vibration introduced by ball bearings, 
although not at running frequency, is several hundred times 
as great as the allowable unbalance. The simple band-pass 
filter previously mentioned is not sufficiently selective for 
such balancing. Several methods of measuring unbalance vi- 
bration in the presence of relatively large amounts of dis- 
turbing vibration have been successfully applied. 


Subtraction of Synchronous Signal from Unbalance Signal. 

One method of eliminating the effects of extraneous vibrations 
consists in adding to the unbalance signal from the vibration 
pick-up or unbalance-calculating network a reference voltage 
of the same frequency as the mnning frequency of the rotor 
and of adjustable phase with respect to the unbalance signal. 
Since the rotors to which this method is applied are almost 
always small, the reference voltage is generated by a photo- 
cell which faces a spot of contrasting brightness on the rotor. 
The resulting combination of the signal and the reference 
voltage is the algebraic sum of the signal caused by unbal- 
ance, the reference voltage, and signals of other frequencies 
caused by extraneous vibration. This combination is passed 
through several stages of filters and amplifiers, which atten- 
uate the voltages caused by extraneous vibrations to a 
negligible amount, to an output meter. The output is the 
amplified algebraic sum of the reference voltage and the 



unbalance voltage. The phase of the raference voltage is 
then adjusted to make the output minimum, at which point 
the reference voltage is 180 degrees out of phase w’ith the 
unbalance signal. The phase of the unbalance signal then 
can be obtained from the setting of the phase shifter associa- 
ted with the reference voltage. Amplitude of the reference 
voltage is next adjusted until the output is zero, at which 
point the reference-voltage amplitude is equal to the un- 
balance-voltage amplitude. Reference-voltage amplitude 
is now measured by removing the pick-up signal from the 
input of the amplifier and filter so that the output-meter 
indication is due only to the reference voltage. Because of 
the extreme selectivity required of the filter system, it is not 
feasible to tune it to different frequencies for various work 
pieces. Any single machine is restricted to balancing rotors 
that run at a fixed speed. 

Combination Wattmeter and Stroboscope Balancer. An- 
other type of equipment for precision balancing is illustrated 
in the block diagram of Fig. 26-55. The signal from the 
unbalance-calculating network is fed through an amplifier 
and filter system to the potential coil of a Avattmeter. The 
current coil of the wattmeter is excited by a reference voltage 
generated by a photocell, which faces a spot of contrasting 
brightness on the rotor to be balanced. If the phase shifter 
associated with the reference voltage is adjusted so that the 
wattmeter reads zero, the reference voltage is 90 degrees out 
of phase with the unbalance signal, and the stroboscope, 
which is also excited by the reference voltage, flashes each 
time the point from which weight must be removed from the 
rotor passes under a pointer. Next a phase shift of 90 degrees 
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Fig. 20*55 Block diagram of mi(‘robalanccr. 


is introduced in the amplifier and filter system, and the watt- 
meter reads a maximum amount proportional to the ampli- 
tude of the unbalance signal. 

Amplifier and Filter System. Theoretically, the use of the 
wattmeter eliminates the effects of extraneous signals on the 
indication of the meter. Actually, the amplitude of these 



Fio. 26*56 Microbalancer. (Courtesy of Gisholt Machine Company.) 


signals may be so great that, if the entim signal from the 
unbalance-<!alculating network is amplified enough to pro- 
duce a usable wattmeter deflection for small unbalances 
without filtering, the amplified extraneous signals caused by 
ball bearings and other sources might be so large that they 
would bum out the wattmeter coil. Filtering is achieved in 
the following w ay. The signal from the unbalance-calculating 
netw'ork modulates a signal generated by an oscillator at 
several thousand cycles per seijond. The modulated signal 
is then fed to a sharp band-pass filter permanently tuned to a 
fixed frecpiency. A filter can be built to operate at a fairly 
high fixed frequency with a pass band narrower than that 
of a filter tunable to the frequency of rotation of the work 
piece. The frequency of the oscillator is adjusted until the 
upper-side frequency corresponding to the oscillator fre- 
quency plus the frequency of the work piece is equal to the 
frequency to which the filter is tuned. The amplitude of 
this side frequency is a function of the amplitude of unbal- 
ance. Other side frequencies which are functions of extra- 
neous vibrations are rejected by the filter. The output of the 
filter is amplified and demodulated. The output of the de- 
modulator is equal in freciuency to the frequency of rotation 
of the work piece and proportional in amplitude to the 
amount of unbalance. The output of the demodulator is 
again amplified and fed to the potential coil of the watt- 
meter. Figure 26*66 is a photograph of such a machine. 

Extraneous Vibration Caused by Aerodynamic Disturb^ 
ances. In balancing fans, superchargers, and propellers, a 
special problem arises. The balancing machine cannot dis- 
tinguish between aerod 3 rnamic unbalance and mass unbalance 
because they both produce vibration at the rotational fre- 
quency. For small fans and impellers the problem is solved 
by shrouding them to minimize the aerodynamic effect and 
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then proceeding to balance. For aircraft propellers the aero- 
dynamic and mass unbalances must be corrected separately 
since the latter remains constant and the former varies with 
the altitude of the plane. A simple mass-unbalance correc- 
tion that removed the total vibration would be correct only 
at one altitude. One solution to this problem § consists in 
mounting a large screen in the air stream of the propeller. 
The screen is pivoted about an axis perpendicular to the axis 
of rotation of the propeller. Vibration of the screen, meas- 
ured by vibration pick-ups connected to a balancing machine 
in the usual manner, is a measure of aerodynamic unbalance 
only. This condition is corrected, and afterwards the mass 
unbalance is measured by another set of vibration pick-ups 
mounted along the shaft in the normal manner. 

26-9 FATIGUE-TESTING EQUIPMENT 
Fatigue of Metals 

A metal repeatedly subjected to a stress somewhat below 
its ultimate strength eventually fails. The metal is said to 
become fatigued by the repeated application of stress. It 
is customary for the engineer designing a load-bearing struc- 
ture to apply a so-called factor of safety ; that is, he computes 
the stresses in the various members of the structure and then 
proportions' the members so that they will support loads of a 
factor of safety times the maximum load to be expected 
without exceeding, their ultimate strength. 

Factor of Safety » The factor of safety, which at times has 
been called the factor of ignorance, is supposed to take care 
of abnormal load conditions and make allowance for the 
difference between the ultimate strength of the structure and 
the value of stress under which the structure would fail from 
fatigue. If, however, factors of safety considered proper by 
the bridge or elevator designer were to be applied to aircraft 
design, the plane would be so heavy that it would not be 
able to leave the ground. In many other types of equipment, 
the use of an excessive safety factor results in an impractical 
design. 

Endurance Limit. For most metals at room temperatures 
a plot of stress against the number of cycles of stress \mtil 
failure is of the shape of Fig. 26 • 57 ; that is, the curve starts 



NUMBER OF CYCLES BEFORE FAILURE 

Fia. 26-57 Typical fatigue curve. 


from the ultimate strength of the material and falls gradually, 
becoming asymptotic to a value of stress commonly called 
the endurance limit. A knowledge of the endurance limit is 
therefore of more practical value to the engineer than is the 

S Erie Martin and Murray C. Beebe, Jr., U. S. Patent 2343383. 


knowledge of ultimate strength. The curve falls close to 
the endurance limit only after a million or more cycles, 
depending upon the material. 

Fatigue-Testing Equipment 

To facilitate collection of fatigue data by applying repeated 
stresses at as high a frequency as possible, electronic equip- 
ment has been developed.!! This apparatus consists essen- 
tially of the following components: a vibration motor applies 
an alternating force to the structure under test. The vibra- 
tion motor draws its power from a vacuum-tube amplifier 
whi(ih contains, in addition to amplifier circuits, various 
control circuits. 

Vibration Motor. The vibration motor Ls shown in partial 
cross section in Fig. 26 • 58 and pictorially in Fig. 26 • 59. The 
motor consists of a field structure containing a magnetizing 
coil which produces a strong unidirectional magnetic flux 
across the annular air gap between the top plate and the 
center core of the field stnicture. Mounted to the top plate 
are leaf springs which support a cast-aluminum spider. To 
the legs of the spider is attached a coil of copper strap, which 
is suspended in the air gap of the field structure. Current is 
brought to the drive coil through the springs that support 
the spider. The spider is steadied by a stud through its 
center. The lower end of the stud is positioned by leaf 
springs within the base of the motor, and the upper end of 
the stud projects through the spider for attachment of the 
test piece. Wound over the copper-strap portion of the 
drive coil is a winding of relatively small wire, known as the 
pick-up coil. The output of the pick-up coil is an alternating 
voltage induced by the movement of the drive coil in the 
magnetic field of the air gap. 

Amplifiers. The amplifier, which supplies power to the 
vibration motor, is a conventional push-pull class AB driver 
stage capable of about 40 watts output, driving a class B 
push-pull amplifier of about 500 watts output to the vibration 
motor. The driver stage is excited either from an audio- 
frequency oscillator or from the pick-up coil on the moving 
element of the vibration motor. 

Self -Excitation. If the test piece is driven at any one of 
its resonant frequencies, its inertia forces are balanced by its 
elastic forces. As a result large amplitudes of vibration of 
the test piece are produced at the expense of a relatively 
small vibratory force supplied by the vibration motor. When 
the pick-up coil of the vibration motor is connected with 
proper polarity to the input of the driver unit, the circuit 
oscillates at one of the resonant frequencies formed by the 
mechanical system of test piece plus the moving element of 
the vibration motor. The action is the same as that in the 
more conventional forms of feedback oscillators, except that 
the mechanically resonant test piece replaces the conven- 
tional electrically resonant tank circuit. 

Elimination of Unwanted Modes of Vibration. Like any 
other oscillating circuit having more than one degree of free- 
dom, oscillations tend to take place at the resonant frequency 
of the oscillating element for which the ratio of energy dissi- 
pated each cycle to the energy stored in the system is least. 

II John A. Hutcheson: Vibration-Fatigue Apparatus, U. S. Patent 
2300626 (1942); Apparatus for Vibration Testing, U. S. Patent 2326033 
(1943). 
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For most mechanical specimens, oscillations take place most 
readily at the lowest natural mode of vibration. For 
fatigue testing, however, it is frequently desirable to vibrate 
the test piece at one of its higher natural modes of vibration. 
For this purpase, the filter (see Fig. 26-60) consisting of 
coil LI and capacitor Cl is placed between the pick-up coil 
and the input to the driver unit, and is tuned to the frequency 



Fig. 26*58 Vibration motor. 


ciably. At the new frequency, attenuation in the filter is 
increased, and the bridge is thrown greatly out of balance, 
energizing relay A"1 which has normally closed contacts that 
control the main power to the equipment. After relay K1 
has been energized, the equipment is automatically shut 



Fia. 26*59 Vibration motor. 


of the desired natural mode of vibration of the test piece. 
To produce sustained oscillations in any feedback oscillator, 
input power must be fed back in proper phase relationship 
to the output power. The filter permits this for only a small 
band of frequencies about the frequency to which it is tuned, 
and thus prevents oscillation at any frequency different from 
that to which the filter is tuned. 

Control of Amplitude of Vibration. Usually a constant 
amplitude of vibration and stress in the specimen must be 
maintained, and the test must be stopped as soon as a crack 
forms. Figure 26-60, which is a simplified diagram of the 
equipment, shows how this is accomplished. Input voltage 
to the driver unit is applied to the diode voltmeter, consisting 
of tube Vb and fi3, through transformer Tb. The difference 
between the output of the diode voltmeter and a bias poten- 
tial is applied to the grid of a triode tube Vb which forms 
one arm of a bridge circuit. The output terminals of the 
bridge circuit are connected to two relay coils and a milli- 
ammeter. If the amplitude of vibration of the test piece 
changes from the value at which the bridge was balanced, 
the bridge becomes unbalanced by a change in potential 
applied to the grid of tube Vb. Output of the bridge energizes 
the coil of X2, which is a sensitive polarized relay. The con- 
tacts of K2 close in a direction that causes motor B\ to drive 
attenuator in a direction that restores bridge balance and 
keeps amplitude of vibration of the test piece essentially 
constant. 

Detection of Failure of Specimen. When the specimen 
starts to fail, its natural frequency usually changes appre- 


down, and a clock used to time the test is stopped. This 
permits unattended operation. It also allows one to examine 
the specimen in which failure has started before the failure 
is so complete that it is impossible to determine how it started. 

VIBRATION MOTOR 



Application of Fatigue-Testing Equipment 
Determination of Natural Frequencies. In addition to 
fatigue testing this equipment can be used for determining 
the natural vibration frequencies of complicated structures 
and their vibration patterns at those frequencies. For deter- 
mining natural frequencies and vibration patterns of struc- 
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tureSy the driver unit is usually excited by an adjustable- 
frequency audio oscillator instead of the output of the vibra- 
tion-motor pick-up coil. 

Testing Non-Resonant Specimens. All but the flimsiest 
of specimens must be tested at their resonant frequencies. A 
vibration motor that would supply an alternating force large 
enough to stress a specimen beyond its endurance limit at 
any frequency other than its natural frequency would be 
impractically large. It is often desirable, however, to test a 
rather large structure at the natural frequency of one of its 
component parts, or to test at some arbitrary frequency at 
which a disturbing force is known to exist to determine 



Fig. 26-61 Vibration motor equipped with resonator bar. 


whether any of the smaller components have resonances that 
might contribute to fatigue failures. For such tests the test 
piece can be mounted resiliently so that the test piece and 
its mounting arc resonant at a convenient frequency. Figure 
26*61 is a photograph of a vibration motor with a bar 
mounted as a double cantilever to its top plate. The non- 
resonant test specimen (not shown on the photograph) is 
mounted on the resonator bar, and the vibrating system then 
becomes resonant with respect to the vibration motor. This 
system can be tuned by varying the length, width, or depth 
of the bar between its points of attachment. 

Limitations of Fatigue-Testing Equipment. For any fre- 
quency of vibration there is an upper limit of amplitude above 
which the drive coil of the vibration motor cannot be operated 
without causing destructive stresses by its own inertia forces. 
Sometimes it is necessary to vibrate resonant test specimens 
at greater amplitudes than the vibration motor can endure. 
With certain types of specimens, this can be accomplished 
by interposing a coil spring between the drive-coil stud of the 
motor and the specimen. The specimen is vibrated above its 
resonant frequency; its inertia reactance at this frequency is 
cancelled by the elastic reactance of the spring. 


26 10 THE MASS SPECTROMETER 

A mass spectrometer is an instrument for determining 
relative amounts of atoms or molecules of different masses 
in a mixture. A mass spectrograph is an instrument for 
making precise determinations of the weights of atoms or 
molecules. Both instruments utilize the same fundamental 
principle of sorting ionized atoms and molecules of different 
weights by passing them through electric and magnetic fields. 
In construction, however, the design requirements result in 
two distinct types of instruments that have almost no super- 
ficial resemblance. 

History of the Mass Spectrometer 

The history of the development of the mass spectrometer 
has been excellently compiled by Jordan and Young.^“ The 
first mass spectrometer designed specifically for measuring 
relative proportions of ions of different masses w^as con- 
structed by Dempster.^®* The arrangement of this spectrom- 
eter is shown in Fig. 26*62. 

Other mass spectrometers of the same general type of 
design have been constructed by Bleakney,^®^ Tate, Smith, 
and Vaughan,*^* Rittenberg, Keston, Rosebury, and Schoen- 
heimer,**^® Tate and Smith, Nier,*^^ and Hippie.^®* 

Principles of Design and Operation 

The 180-Degree Mass Spectrometer. Dempster^s mass 
spectrometer embodies the fundamental principles of all mass 
spectrometers regardless of variations in design and construc- 
tion. Ions formed in the region 1C are accelerated through 
slit SI by the positive potential on plate A into a region H 
shown shaded, where a magnetic field perpendicular to the 
plane of the paper exists. The stream of positive ions consti- 
tutes an electric current and the magnetic field exerts a force 
on the ions perpendicular both to the magnetic field and to 
the direction of travel of the ions. This causes the ions to 
travel in paths that are arcs of circles as shown by the solid 
and the dotted lines in the figure. The radius of curvature 
of the ion paths is 

c V m 

r = centimeters (26*29) 

// 150 e 

where H = magnetic field in gauss 

V = potential difference in volts by which the ions 
have been accelerated 

e = charge on the ion in electrostatic units, that is, 
some multiple of the electronic charge of 
4.8 X 10"'^® electrostatic unit 
m = mass of the ion in grams 

c = the velocity of light = 3 X 10^® centimeters per 
second. 

The action of the magnetic field, therefore, is to sort out 
ions of different masses (assuming that they are all singly 
ionized) into different paths. Only those of one mass follow 
the path with diameter equal to the distance from SI to S2 
and get through the slit S2 to collector C to be measured by 
an electrometer. The choice of the mass to be measured is 
made by adjusting either the ion-accelerating voltage V or 
the magnetic field H. All the ions of one mass that emerge 
from SI within a small cone about the true axis of the slit 
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converge to a focus on slit S2. This makes the requirements 
for collimating slits less severe and permits collection of a 
fairly large percentage of the total ion current. 

Spectrometers with Sector-Shaped Magnets. A modified 
type of mass spectrometer in which the ions are deflected less 
than 180 degrees by the magnetic field is made possible by 
the fact that, if the central ray of a slightly divergent ion 
beam enters and leaves a sector-shaped magnetic field normal 
to its boundaries, the ions are brought to a focus on the inter- 
section of the emergent central ray with a line through the 
ion source and the center of curvature of the central ray.^®* 
Figure 26 • 63 illustrates this. The resolution, or completeness 



Fia. 26*62 Diagram of Dempster's mass spectrometer. 

of distinction between adjacent masses, is independent of the 
angle of deflection of the ions in the magnetic field, and is a 
function only of the radius of curvature in the field and of the 
widths of the defining slits.^^® The use of sector-shaped 
magnetic fields does not improve performance in any funda- 
mental way, but it represents a great advance in the art. The 
advantages of this type of constmetion are that a sector- 
shaped field requires a much smaller magnet with less power 
to operate it and less equipment to control and regulate the 
field strength. The ion source and collector ends of the mass 
spectrometer are not between the magnet poles and are, 
therefore, much more accessible. The first mass spectrometer 
to use less than 180 degree deflection was constructed by 
Nier.'^^ Others have been constructed by Coggeshall and 
Hippie.^'® 

Comparison with Mass Spectrograph. Compared with a 
mass spectrograph, a mass spectrometer is a fairly small 
instrument. It supplies a relatively large ion current 
(from 10“^® to 10""^® ampere) to the collector. The mass 
spectrometer has sufficient resolution to separate one mass 
from another, but it is not suitable for precise determinations 
of mass. Determinations of the relative amounts of various 
masses can be made rapidly, for the ion current of each mass 
is collected separately, amplified, and measured by a gal- 
vanometer. In a mass spectrograph, the ion currents are too 
small to be amplified successfully; consequently they are 
detected by a photographic plate, ^veral masses are re- 
corded simultaneously. Each mass is determined from the 


position of its image on the plate, but determination of its 
relative abundance can be made only by a measurement of 
the density of blackening produced. 

Applications of the Mass Spectrometer 

The mass spectrograph is a tool for the physicist engaged 
in research. The mass spectrometer was originally developed 
for determining the relative abundance of isotopes.^^*"^'® It 
became apparent that the mass spectrometer could perform 
other duties in pure and applied physics, chemistry, and 
biochemistry. 

Fundamental Research. One of the earlier uses to which 
the mass spectrometer was put was the study of products 
of ionization and dissociation by electron impact. 



Fig, 26*63 The focusing property of a sector-shaped magnetic field. 

Special types of mass spectrometers have been made for 
separating and collecting minute quantities of pure isotopes 
for disintegration studies in nuclear physics and for tracer 
studies in biochemistry and medicine. Mass spectrometers 
are being used for detection of stable isotopes used as tracers 
in chemical and biochemical research.^®®* Investigations 
of this sort are producing important infoimation not only in 
pure science but also in medicine. 

Industrial Applications. One of the mast promising uses 
for the mass spectrometer is in the industrial chemical lab- 
oratory for the analysis of complex organic gases.^^^*'^'^® 
The oil-refining industry has been making the greatest use 
of the mass spectrometer so far. 

Petroleum Refining. Crude oils consist of a mixture of 
hydrocarbons ranging from the simple gas methane to highly 
complex molecules containing 45 or more carbon atoms. In 
general, the substances of lighter molecular weight arc more 
volatile than the heavy compounds. These substances can 
be separated by distillation to yield illuminating gas, naphtha, 
gasoline, light and heavy lubricating oils, and residues of 
paraffin and asphaltic oils. Because the economic demand 
for petroleum products is not in the same proportion as their 
natural occurrence, the heavier molecules are cracked to 
increase the yield of the lighter gasoline and lubricating-oil 
constituents. The results of each step of the cracking process 
depend upon several variables. To assure the desired out- 
come, the various stages of the process must be monitored by 
chemical analysis. Conventional chemical analysis is some- 
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times too slow to be useful. Faster methods of analysis by 
means of infrared spectroscopy are used for some analyses, 
and the mass spectrometer provides a rapid method for 
others. 

Synthetic^Rubber Manufacture. Manufacture of syn- 
thetic rubber consists essentially of the polymerization of un- 
saturated hydrocarbons. Like the petroleum-cracking proc- 
ess, it consists of many steps which need monitoring. The 
mass spectrometer, although not so extensively used in this 
field, partly because the industry is younger and partly be- 
cause the applications are more difficult, may become tre- 
mendously useful. 

Chemical Analysis with the Mass Spectrometer 

Individual techniques and special problems often dictate 
departures from the general method of analysis given here, 
which is not always applicable; nor is it the only proper 
method. Suppose a mixture of oxygen and nitrogen is to be 
analyzed. The mass spectrometer is first calibrated with pure 
samples of these gases. Oxygen is first admitted to the ioni- 
zation chamber of the mass spectrometer at a known low 
pressure through a flow-restricting device. A plot of ion 
current versus mass, which is a function of the magnetic field 
or ion-accelerating voltage (whichever is varied), is then 
made. The plot consists of several peaks, one corresponding 
to each mass. Bec^ause the flow through the flow-restricting 
device is not the same for all gases, and because the same 
ionizing electron current does not produce equal amounts of 
ions in all gases, equal peak heights do not necessarily mean 
equal partial pressures of the gases in a mixture. In passing 
through the flow-restricting device, however, and during the 
ionizing process, each gas behaves as though the other were 
not present; therefore, if the ionizing electron current and 
the energy of the electrons are held constant, the ratios of 
the peak heights arc linear functions of the ratios of the 
numbers of molecules in the original mixture. 

Calibration. For pure oxygen the peaks will correspond 
to the various isotopes and dissociation products of the mole- 
cule; a strong peak at mass 32 for the ionized molecule 
016 q 16 ^ with weaker peaks at masses 33 and 34 for the iso- 
tropic molecular ions and and weak i)eaks at 

masses 16 and 17 for the atomic ions and Unless 

the natural relative abundan(!es of the isotopes in any ele- 
ment have been purposely altered, and provided the tempera- 
ture of the gas during ionization and the energy of the ionizing 
electrons are always kept the same, the ratios of all the peaks 
for any element to any peak of that element are always the 
same. Therefore the size of the most convenient peaks 
(usually the largest) of each element in a mixture may be 
taken as characteristic of the partial pressure of that element 
in the mixture. All the foregoing means that calibration for 
oxygen consists simply of determining the ratio of the peak 
height for (mass 32) to the pressure of pure oxygen. 

The instrument is then calibrated in the same manner for 
nitrogen with pure nitrogen and, in general, it is calibrated 
with pure samples of each of the other gases to be analyzed. 

Analysis. To determine relative amounts of oxygen and 
nitrogen in a mixture, which was the stated problem, the mix- 
ture is admitted at a known total pressure to the mass spec- 
trometer. A plot of the peak heights is made and, from these 
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data and the previous calibration data, the partial pressures 
of oxygen and nitrogen are obtained. The ratio of the partial 
pressure of each component to the total pressure is the mole 
fraction of that component in the mixture. This procedure 
is not restricted to two-component mixtures, but can in 
general be applied to mixtures of three or more components. 

Hippie gives the results of several, two-, three-, four-, 
and five-component analyses showing lack of agreement of 
from 0.2 to 5 percent between proportions in which the com- 
ponents were mixed. Hoover and Washburn have re- 
ported results of several five-component analyses with com- 
parable accuracies. Since it is important to know the 
properties of molecules to be analyzed with the mass spec- 
trometer, a table has been prepared by Hippie giving some 
references to molecules that have been studied with the mass 
spectrometer. 

Mass-Spectrometer Design 

To obtain accurate results, the mass spectrometer must 
possess extraordinary stability and freedom from extraneous 
influences. A description of a typical mass spectrometer 
shows how some of the design problems are solved. 

Tube. The heart of any mass spectrometer is the tube, 
for upon its design and construction depend the resolution, 
sensitivity, and reproducibility of the instrument. A 90- 
degree deflection of the ions was chosen because a smaller 
magnet is required than for the 180-degree type, and the 
length of path from ion source to collector is shorter than it 
would be with 60-degree ion deflection. This type of tube 
has the added advantage of being easy to mount, since only 
right angles are involved, and it is relatively rugged mechan- 
ically because its total length is short. The tube is shown 
pictorially in Figs. 26*64 and 26*65 and diagrammatically 
in Fig. 26 • 66. Electrons are generated by a hot filament and 
are collected by the anode 3. The sample is ionized in the 
box-like cavity between plates 2 and 4, and the ions arc 
pushed out through the slit in plate 2 by a small positive 
potential applied to plate 4. They are then accelerated along 
the tube by the potential difference between plates 2 and 5. 

Extraction of Ions. To approach the theoretical limit of 
resolution of the tube, the ion beam must be as nearly homo- 
geneous in energy as possible. To secure a homogeneous 
energy distribution requires that ions emerge into the space 
between plates 2 and 5 with as small and as uniform a velocity 
as possible. This uniform velocity is achieved by keeping 
the ‘‘draw-out” potential between plates 2 and 4 small (1 or 
2 volts) and by limiting the electron beam to a small dimen- 
sion vertically to insure that all the ions originate in a nearly 
equipotential region. The electron beam is limited by the 
slits in plates 1 and 2 and by a magnetic field from a small 
auxiliary electromagnet that supplies a field in the direction 
of travel of the electrons. 

Filament Structure. Thermal dissociation is minimized by 
an arrangement of the parts of the ionization chamber in 
such a way that the gas to be analyzed travels directly into 
the ionization chamber without first passing over the hot 
filament. Use of an oxide-coated or thoriated filament, which 
emits at a much lower temperature than pure tungsten, is 
undesirable because individual filaments vary in emissive 
characteristics. Even the same filament may act differently 


The Mass Spectrometer 



490 


Electronic Imlrumenls 


Chapter 26 


at different times. A pure-tungsten filament consuming as 
little power as possible overcomes this objectionable in- 
stability and does not heat the adjacent parts of the ionization 
chamber enough to cause a noticeable amount of thermal 
dissociation. Since the requirement of low power consump- 



Fio. 26-64 Mass-spectrometer tube, pictorial diagram. 


Shielding, To avoid distortion of the ion path by stray 
electric fields, a grounded metallic shield is placed inside the 
tube. Since both plate 6 and the exit slit are at ground poten- 



Fig. 26-65 Mass-spectrometer tube. 


tion results in a filament that is mechanically fragile and com- tial, the ions travel in field-free space. The shielding within 
paratively short-lived, it has been made removable by mount- the tube is composed of a long narrow metal strip to which 
ing it on a stem attached to a ground-glass seal. The side of slightly overlapping rectangles of thin metal are spot-welded, 
plate 1 on which the filament is mounted is formed into a box- As this structure is pulled into the tube, the rectangular strips 
like space, and mating guides on the filament assembly insure bend to fit the interior contours snugly. This shield is visible 
self-alignment of the filament. in Fig. 26 -65, inside the curvx'd portion of the tube. Chem- 



Fio. 26-66 (a) Block diagram of mass spectrometer. 
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ical methods of depositing thin films of metal on the interior 
walls of the glass tube have been tried with some measure of 
success. 

Collection of Ions. Figure 26-66 shows the ion-collector 
plate 7 immediately behind the exit slit, plate 6. Actually 

no VOLTS 
so CYCLCS 


notably isoprene, become adsorbed on the internal metal 
parts of the tube during an analysis to such an extent that 
the resolution of the instniment is impaired, because these 
surface layers are insulating and acquire a charge which sets 
up disturbing electrostatic fields inside the tube. The forma- 



Fig. 26-66 (6) Block diagram of mas»-spcctrometer ion source. 

there is an auxiliary guard ring between the exit slit and the tion of non-conducting surface layers was overcome by gold- 
ion collector. This guard ring is maintained at a potential plating all the metal parts inside the tube, 
slightly negative with respect to the ion collector to return Sample Introduction System. The gas-handling system 
any secondary electrons that might be emitted. Since sec- for admitting samples and evacuating the mass spectrometer 
ondary emission amounts to an effective multiplication of the tube is shown in Figs. 26 * 67 and 26 • 68. Vacuum is produced 
ion current, it might seem a desirable thing, but it is too and maintained by two conventional high-speed mercury 
variable and unstable to be dependable for accurate measure- diffusion pumps backed by a rotary forepump. The forepump 
Bients. is used also to evacuate the dome in which the electrometer 

Gas Adsorption. To bake out adsorbed gases between is housed. Gas samples are brought to the instrument in a 
analyses, resistance heaters are wound around the outside of small flask. Then the sample is expanded into a larger 
the tube, and an internal winding to heat the ion-source parts reservoir, where its pressure is reduced to a few millimeters 
is included. Some of the heavier unsaturated hydrocarbons, of mercury. The sample then leaks into the ionization cham- 
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Fia. 26*67 Diagram of mass si^ectrometiT gas-handling system. 


her of the mass-spectrometer tube through the flow-restricting 
device so that ionization takes place at a pressure of 10"^ 
millimeter of mercury or below. 



Fig 26*68 Mass-spectrometer gas-handling system. 

Flow-Restricting Device. The flow-restricting device must 
have a linear flow-pressure characteristic. The most satis- 


factory method of producing these devices is to puncture a 
thin sheet of platinum with a very fine needle. 

Valves. Some gases become adsorbed on the grease used 
on the conventional glass stopcock. The difficulty is over- 
come by using greaseless metal vacuum valves at all points 
in the gas-handling system with which the sample comes in 
contact. 


V2 



Electrometer. An electrometer of the type described in 
Section 26 >2 and pictured in Fig. 26-13 is used to measure 
ion current. 

Rectifiers. The unidirectional potentials necessary for 
accelerating the ions and for operating the magnet and the 
electrometer are furnished by conventional rectifiers. The 
alternating input voltage to the rectifiers is stabilized some- 
what by a conventional saturable-reactor voltage stabilizer. 
After being filtered, the output of each rectifier is passed 
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through an electronic voltage stabilizer of the type described 
by Hunt and Hickman and by Neher and Pickering.*^® 

A generic circuit for this type of stabilizer is shown in Fig. 

26 • 69. Vacuum tube VI is biased by the difference in voltage 
between battery B and a portion of the output voltage. 

Variations in output voltage are amplified by this tube and 
applied to the grid of the regulator tube V2 in such a way as 
to correct the fluctuation. Capacitor C causes the regulator 
to function even more sensitively for ripple or transients 
than it does for slow changes in steady-state voltage. In 
other words, it prevents the regulator from hunting by 
enabling it to anticipate fluctuations. In some circuits of 
this type, glow tubes or voltage-regulator tubes are used 
instead of a battery to bias the amplifier tube. Although 
glow tubes are more convenient to use, they are too unstable 
with respect to age, temperature, and voltage changes for 
this application. With properly designed regulators fluctua- 
tions in output voltage can be made less than one part in 
several thousand during normal fluctuations in line voltage. 

Magnet Power Supply. A slight additional amount of 
stability was obtained by energizing the magnet from the 
same rectifier that furnishes ion-accelerating voltage, because 
an increase in magnet current affects the ion beam in a way 
opposite that in which an increase in ion-acceleration voltage 
affects it. This stabilizing effect is not perfect, for deflection 
of the ion lieam is proportional to the stjuare of the magnetic 
field and only to the^first power of accelerating potential. 



have almost no effect on the number of ions formed. Figure 
26-70 is a plot of an ionization-efficiency curve for nitrogen. 

FilamenUEmission Regulator. The number of ions formed 
is directly proportional to the number of electrons in the 



Fig. 26*70 Ionization efficiency of nitrogen. 

ionizing stream; consequently it is important to hold electron 
current constant. Since the filament requii*es a rather large 
current at low voltage, it is inconvenient to operate it from a 
battery. In fact, because active spots sometimes form on 
tungsten filaments, battery operation will not insure con- 
stancy of electron current. To overcome these objections^ 


Electron Potential Supply. For supplying potential to the 
electron gun, a rectifier and filter with a two-stage cascaded 
glow-tube voltage regulator is satisfactory. It is customary 
to use electrons from 75 to 100 volts energy for ionizing. At 
these potentials, the ionization-efficiency curve of almost all 
gases is almost flat; therefore small changes in electron energy 


the filament is operated on alternating current and is regu- 
lated so that the electron current collected by the anode is 
constant. Figure 26-71 is a simplified diagram of the circuit. 
Transformer Tl with vacuum tubes F3 and F4 forms a 
conventional grid-controlled rectifier feeding a load consisting 
of resistor Rl. The primary of Tl is in series with the pri- 
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mary of the mass-spectrometer filament transformer T2 and 
forms a controlling adjustable impedance. Vacuum tubes 
FI and F2 are pentodes but are sfiown as triodes. They are 
connected in a direct-coupled amplifier circuit. An increase 
in electron current after amplification appears as an increase 
in bias on the grids of F3 and F4. This increases the drop 
across these tubes, thus increasing the fraction of the total 
input voltage across T\ and decreasing that across T2. This 
decreases the filament voltage and tends to keep the electron 
current constant. 

Mechanical Arrangement Mechanical arrangement de- 
pends upon personal preference and upon the intended use. 
This instmment was built on a spring-mounted truck. The 



Fia. 26*72 Mass spectrometer. 


over-all width was limited to 30 inches so that the mass 
spectrometer could be moved from one room to another in 
the laboratory through standard 32-inch doors. Figure 
26-72 shows the completed assembly. 

Present Limitations and Future Possibilities 

In a little over 30 years the mass spectrometer has been 
developed from a scientific curiosity to an establislied indus- 
trial laboratory tool. The fundamental ability of the instru- 
ment to make a rapid and accurate analysis of a complicated 
gas mixture suggests its use as a process-line monitor or auto- 
matic controller. It is by no means a universal analytical 
tool. Its applications are limited by rather severe fundamen- 
tal and practical limitations. 

Analyzahle Substances. Quantitative analysis is limited 
to gases. Fundamentally, any substance must be in the 
gaseous state in order to be ionized by electron bombard- 
ment. Liquids or solids might be vaporized before admitting 
them to the mass spectrometer tube. In fact, they are 
vaporized for determinations of mass. Unfortunately, the 
composition of the vapor from a liquid or solid is not repre- 
sentative of the composition of the liquid or solid until it is 
all vaporized. Sometimes it is feasible to vaporize completely 
a sample of mixtures of liquids with low boiling points. . 

Calibration. To analyze a sample, a pure sample of each 
component must be available so that the instrument can be 
calibrated for these components. If calibration data for all 


the components in a sample are available, it can theoretically 
be analyzed, both qualitatively and quantitatively; but, for 
most hydrocarbon analyses, these analyses involve time- 
consuming calculations. Such calculations can be made in a 
reasonable time if the identities of the components in the 
sample are known and only their relative proportions are to 
be determined. 

Accuracy of Analysis. Accuracy depends greatly upon the 
number and type of components in the mixture. Accuracy 
of determination of peak height is fairly definite and constant. 
But, since molecules dissociate under electron bombardment, 
ions from two or more substances could contribute to a single 
peak. Accuracy then depends upon the relative sizes of the 
contributions to the peak being used for measurements. 
Masses of the molecular fragments range from the molecular 
weight of the molecule downward, and there is a unique peak 
for the heaviest molecule in the mixture. Accuracy is greater 
for analysis of a small amount of a heavy compound in the 
presence of lighter ones than for traces of light compounds 
in the presence of heavier ones. 

Unsolved Problems. Some of the effects in the ionization 
chamber of a mass-spectrometer tube are not completely 
understood. They seem to consist of surface effects, chemical 
reactions on surfaces but not in bulk. Monomolecular films 
of some substances on the surfaces and edges of the slits 
that define the electron beam cause secondary emission of 
electrons, which upsets calibration. Generally these effects 
are more likely with compounds of high molecular weight 
and with compounds that have large numbers of multiple 
bonds. Until more is known of surface effects, it is not pos- 
sible to predict on theoretical grounds whether any given 
compound can be analyzed with a mass spectrometer. 

2611 THE ELECTRON MICROSCOPE 

The electron microscope is a device which produces an en- 
larged image of a transparent object or an enlarged shadow- 
graph of an opaque object in a manner analogous to the 
conventional optical microscope, except that electrons are 
used instead of light rays, and their paths are controlled by 
electric and magnetic fields rather than by glass or quartz 
lenses. The useful magnification of an electron microscope 
is many times greater than that obtainable with the con- 
ventional microscop)e. 

The electron microscope is not to be considered as an in- 
strument which will eventually supersede the conventional 
microscope; it merely extends the field of microscopic exam- 
ination into the region of small bodies and fine structures not 
visible with the conventional microscope. 

Applications of the Electron Microscope 

Although the electron microscope is a comparatively new 
device, it has been applied to many problems in all branches 
of pure and applied science. 

Medicine. One of the earliest uses of the electron micro- 
scope was in the field of medicine, where it has been used in 
the study of viruses. These substances cause several serious 
diseases, of which smallpox is one. Until examination with 
the electron microscope showed that they resembled living 
organisms, they had been very much a mystery, because they 
were too small to be seen under the conventional microscope 
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or filtered out of liquid suspension. The electron microscope 
is providing data that will undoubtedly help to avoid and 
control virus diseases better than in the past. 

Chemistry. The electron microscope has been used for the 
examination of large molecules, such as those of natural rub- 
ber and the various synthetic rubbers; it has thus contributed 
to some of the advances in synthetic-rubber technology. 
Other research has yielded information on the action of 
catalysts; on what gives paint its covering power; and on the 
factors that influence the setting and binding power of 
cements. 

Engineering (Lubrication). In applied engineering, exam- 
inations of the surfaces of metals have given much valuable 
information on the mechanism of friction and lubrication. 
Studies such as these are increasingly important as the speeds 
of machinery are being increased. 


scope can be built, but as magnification is increased beyond a 
certain point, no increase in the amount of detail or fine 
structure is observable in the image even though it continues 
to increase in gross dimensions. This occurs when the micro- 
scope has reached its limit of resolution. Resolution is usually 
expressed as the size of the smallest object that can be ob- 
served or the smallest distance by which two objects can be 
separated and still appear as two. 

Limitation of Resolution by Diffraction. An object in the 
conventional microscope causes an image because the object 
intercepts some of the light, altering both its amount and 
the direction in which it travels after reaching the object. If 
the object is small enough to be comparable in size with a 
wavelength of light, the light waves merely close around it 
as waves of water close around a pile driven in a lake or bay 
and reach their destination unperturbed. The same pile. 



Fia. 26*73 Electron micrograph of particles of the pigment iron blue 
1 3,000 X. (Note that the shajios of the particles are apparent in this 
photograph, but in the optical micrograph, Fig. 26*74, the particles 
appear as diffuse circles.) (Reprinted with permission from Henry 
Green and Ernest F. Fullam, J, App, Phys.y Vol. 14, 1943, p. 336.) 

Engineering (Corrosion). Some metals, for example stain- 
less steels, protect themselves from corrosion by the forma- 
tion of extremely thin oxide coatings on their surfaces. In 
the study of the protective nature of thin oxide films on 
metals, it is of interest to examine the detailed physical and 
chemical stmeture of the film. This is possible if the thin 
films are of the proper thickness for use in the electron micro- 
scope after they have been stripped from the metal or alloy. 
Oxide films of 100 to 5(X) angstrom units in thickness can be 
stripped by electrochemical or chemical means for examina- 
tion by electron microscopy and diffraction.^^^ Electron 
micrographs reveal the following information concerning the 
film: (1) particle size, (2) particle-size distribution, (3) particle 
shape, and (4) uniformity of the film. Electron-diffraction 
patterns are used to identify the composition of the films and 
to indicate the approximate particle size. 

Principles of Operation 

Magnification and Resolution. Two quantities describe 
the performance of any microscope: (1) magnification, and 
(2) resolving power. Magnification is numerically the ratio 
of the size of the image produced to the size of the object 
which the image represents. Theoretically, at least, there 
is no upper limit to the magnification with which a micro- 



Fiq. 26*74 Optical micrograph of particles of the pigment iron blue, 
1260X. (Reprinted with permission from Henry Green and Ernest F. 
Fullam, J. App. Phys.y VoL 14, 1943, p. 336.) 

driven in a pond where there are small riplcts of wavelengths 
short compared with the dimensions of the pile, casts a sharp 
shadow of calm water. In a similar manner, the size of an 
object observable in a microscope decreases as the wave- 
length of the medium used to illuminate it decreases. 

The Quantum Theory. According to the quantum theory, 
the smallest possible quantity of electromagnetic energy is 

W ^hv (26*30) 

vrhere h = (Planck^s constant) 6.62 X 10“^^ erg-second 
V = frequency (cycles per second). 

This quantity of energy is indivisible. According to the 
theory of relativity, mass and energy arc equivalent, and the 
units of mass and energy are related thus : 

W = m(? (26*31) 

where m = mass in grams 

c = velocity of light (3 X 10^® centimeters per sec- 
ond). 


Considering light as a stream of corpuscles called photons, 
each containing one quantum of energy, and calculating the 
momentum {me) of a light photon by combining equations 
26-30 and 26*31, the result is 


h 

me ^ - 
X 


(26*32) 


where X = wavelength in centimeters. Actual measurements 
confirm this theory. 
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Electron Wavelength. Now consider a stream of electrons, 
not as discrete particles, but as electromagnetic wave phe- 
nomena. Rearranging equation 26-32 slightly and substi- 
tuting the velocity of the electrons v for the velocity of light c 
produces the so-called do Broglie wavelength of an electron: 

X = — (26-33) 

rnv 


Xleasuremcnt of the wavelength of electrons by diffraction 
experiments (similar to x-ray diffraction) confirms the wave 
character of electrons and give values of electron Avavelength 
that are in agreement with equation 26-33. Rationalization 
of these two seemingly contradictory concepts, waves of 
energy versus particles of matter, is the concern of the 
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Fio. 26*75 Diagram of electron microscope. (Reprinted with per- 
mission from L. Marlon, Fhys, Rev., Vol. 68, 1940, p. 58.) 


de Broglie wavelengths of electrons that have been accel- 
erated through various potential differences. For compar- 
ison, the wavelengths of various common types of radiant 
energy are listed in Table 26-2. 


Table 26*2 Wavelengths of Some Common Radiations 


Radiation 
Yellow light 
Blue light 
L'^ltra violet 


Wavelcmgth 
(centimeters) 
6.8 X 10“® 
4.4 X 10-® 
2.7 X 10-® 


History. Rudenborg was aware that an electron 
stream could be guided by electric and magnetic fields as 
light rays are guided by lenses. In 1930, he conceived the 



Fig. 26*76 Electron microscope. (Courtesy of Radio Corporation of 

America.) 


philosophical physicist. In this chapter the correctness of 
both concepts is accepted, on the basis of the confirming 
experimental evidence, and in any given problem the concept 
that leads to the easiest solution is used. 

Comparison of Light and Electron Wavelengths. The ve- 
locity acquired by an electron depends upon the potential 
difference through which it falls. Table 26-1 gives the 

Table 26*1 De Broglie Wavelengths of Electrons 
Potential 

Difference Mass of Electron Wavelength 

(volts) (grams) (centimeters) 

1 9 X 10-*« 1.22X10“^ 

100 9 X lO-^ ^ 1.22X10“* 

10,000 9.14 X 10““ 1.36X10“» 

1 ,000,000 10.43 X 10““ 2.73 X 10“‘° 


idea of using electrons as the image-forming means in a 
microscope which, by virtue of the shorter wavelengths of 
electrons, should be capable of resohdng much smaller objects 
than can be seen with a conventional microscope. Subse- 
quently, patents disclosed the fundamental concepts of 
electron optics and the mdiments of the design of the electron 
microscope. Since that time, electron microscopes have been 
designed and built by various people. 

Construction. An electron microscope (Figs. 26-75 and 
26-76) consists essentially of the following parts: 

(a) A Source of Electrons. This usually consists of a hot 
filament surrounded by a smooth guard electrode containing 

T Reinhold Rudonberg; U. S. Patent 2058914 (1936); IT. S. Patent 
2070319 (1937). 
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a small hole through which electrons emerge to be accelerated 
through the microscope. 

(5) A Condenser Lens, The condenser lens may be either 
electrostatic or magnetic. This lens and all other lenses in 
the instrument usually are at ground potential ; the cathode is 
at a large negative potential. Thus, in passing from the 
cathode to the anode aperture, electrons acquire a high veloc- 
ity, and thereafter traverse the rest of the microscope at 
almost uniform speed. The condenser lens causes the diverg- 
ent beam of electrons emerging from the hole in the anode to 
converge upon the object illuminating it, so to speak, with 
electrons. 

(c) An Object Mounting, The object in a transmission- 
type electron microscope is always thin. Electrons pass 
through the object, which absorbs electrons, the number 



Fig. 20*77 A collodion replica, chromium shadowed, of a pearlitic 
inclusion in a low-carbon steel. (Courtesy of Radio Cor|x>ralion of 

America.) 

absorbed depending upon density and thickness of the object. 
The distribution over the surface of the object of the electrons 
that get through is what eventually causes the formation of 
an image. The object is placed on a thin organic or silica 
film, which in turn is suspended in a fine-mesh wire screen 
just beyond the condenser lens. 

(d) .4n Objective Lens, The objective lens, which may he 
either electrostatic or magnetic, immediately follows the ob- 
ject. This lens forms an enlarged real or virtual electron 
image of the object. 

(e) A Projection Lens, The projection lens, which may 
be either electrostatic or magnetic, magnifies the image 
formed by the objective lens and forms a real image. 

(f) An Observation Screen, The imago foimed by the pro- 
jection lens is cast upon an observation screen, which may 
bo a photographic plate or a fluorescent screen for visual 
observation. 

(g) An Enclosure, The enclosure surrounds the electron 
source, object, lenses, and viewing screen. A high vacuum is 
maintained within the enclosure, which is made of metal so 
that it also acts as a shield to prevent disturbance of the 
electron paths by external stray fields. In a practical electron 
microscope, an airlock is provided to seal off around the ob- 
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ject mounting by vacuum-tight seals while the object is 
being mounted or dismounted. 

Limitations and Techniques 

Effect of Vacuum on the Specimen. Since the specimen is 
mounted in the evacuated enclosure of the electron micro- 
scope during examination, the examination of living organ- 
isms suspended in water is impossible. The passage of elec- 
trons through the object causes an appreciable generation of 
heat. This, coupled with the vacuum surrounding the ob- 
ject, is sufficient to destroy certain types of specimens, such 
as delicate plant and animal tissues. Many types of bacteria 
can be examined, how’ever. 



Fig. 20*78 Surface of 0.98 C hot-rolled steel with electrolytic polish 
and Nital etch. (Reprinted with perniLs.sion from R. 1). ITeidenreich 
and V. G. Peck, /. App. Phys., Vol. 14, 1943, p. 26.) 

Specimen Thickness, The object in an electron micro- 
scope must be sufficiently thin to allow' passage of electrons 
through it, if its internal structure is to be examined. A sub- 
stance that is transparent to light is not necessarily trans- 
parent to ele(;trons. The thickness of objects for electron- 
microscopic examination is limited to a fraction of a micron. 
The technique of handling such thin specimens has been the 
subject of much study. The most common practice is to 
float the specimen on w'ater to prevent w rinkles. The fine- 
mesh object support is then inserted under the specimen, 
lifted out, and transferred to the microscope. The outlines 
of opaque specimens, such as smoke, bacteria, dust, and paint 
pigments, can be examined by dispersing them on a thin film 
of silica or organic material supported on the wii-e-mesh 
object mounting. 

Replicas. For examination of the surfaces of opaque mate- 
rials, such as metals, it is not so easy to arrange the electron 
microscope to illuminate the object by reflection as it is in 
the optical microscope. Consequently, the art of making 
thin replicas of surfaces has been extensively developed.'^ 

A replica consists of a thin film of collodion or special lacquer, 
w'hich is deposited on the surface to be examined, allow^ed to 
dry, and later peeled off. The replica is then examined in 
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the electron microscope in the same way that any thin trans- 
parent object is examined. 

Measurement of Object Height. Because of the great 
depth of focus of the electron microscope, measurement of 
vertical distances in the object cannot usually be made by 
focusing successively on various planes through the object, 
as in a conventional microscope. Often pairs of stereoscopic 
pictures, made by successively photographing the object 
tilted first at one angle to the electron beam and then at a 
different angle, provide a means of measuring vertical dis- 
tances. For some specimens of crystalline nature the two 
stereoscopic views of the specimen do not agree, and it is 



Fia. 26*79 Electron micrograph of oxide film from a dcci^-etched 
annealed aluminum sheet, 8000 X. (Note the great depth of focus 
shown here compared with Fig. 26*80.) (lieprintiMi from F. Keller 
and A. H. Geislcr, J, App, Phys., Vol. 15, 1944, p. 700, with permission 
of Aluminum C^uinpany of America.) 

believed that the lack of agreement is due to reflection of 
electrons from the crystal faces into or out of the path of 
transmission through the microscope. To overcome this 
apparent disparity a technique has been developed which 
involves depositing by evaporation a film of chromium over 
the specimen at an obli(|ue angle to the film of collodion upon 
which it is mounted. In this way, protuberances on the ob- 
ject can be made to cast shadows, the length of which is 
from 5 to 10 times their height. The technique has been 
applied to the study of disease-producing viruses. 

Staining. In making some observations, particularly on 
plant and animal tissues, it is desirable to have a way of 
increasing the contrast between various parts of the tissue 
that have substantially the same transparency to electrons. 
Some substances, such as phosphotungstic acid, have high 
electron-scattering power. Suitable stains combine selec- 
tively with various portions of the tissue and thus bring out 
the structure. This technique is analogous to the use of 
colored stains in conventional microscopy. Other substances 
containing atoms of large mass have been used as electron 
stains. Among them are osmic acid, j^hosphomolybdic acid, 
and silicotungstic acid. 
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Calibration. The proper method of calibrating an elec- 
tron microscope for magnification is the subject of much 
discussion among electron microscopists. The problem con- 
sists in finding a dimensionally stable object small enough to 
be viewed under the electron microscope and at the same time 
large enough to be viewed and measured by means of a well- 
calibrated optical microscope. Some workers use the diam- 
eter of an exceedingly fine tungsten wire as the standard of 
length. One of the more successful calibration techniques 
consists of electron-microscopic examination of replicas of 
niled diffraction gratings having as many as 30,0()0 lines per 
inch. The spacing of the grating lines can be determined 
accurately by spectroscopic means. 

Lirrtit of Resolution. Theoretically, the limit of resolution 
of the electron microscope is of the same order of magnitude 



Fig. 26*80 Light micrograph of oxido film from a deep-etchcMi 
aluminum sheet, 500 X. (Reprinted from F. Keller an<l A. H. Geisler, 
J. App. Phys,, Vol. 15, 1944, p. 700, with permi.s.sion of Aluminum 
Company of America.) 

as the wavelength of the electrons used.^'*®* Practically, the 
resolution is limited by lens aberrations, unavoidable mis- 
alignment of the components of the microscope, and deposits 
on the objective pole-piece diaphragm to a value of 0.004 to 
0.005 micron. This represents a tremendous gain in* re- 
solving power over that obtainable with the optical micro- 
scope (0.26 micron) or with the ultraviolet microscope 
(0.11 micron). The limit of resolution for the electron 
microscope really represents the size of an object that is just 
discernible. An object of this size appears as a diffuse cir- 
cular dot. The object must be larger than this, if its shape 
is to be discernible.^®*^' 

High-Voltage Microscopes. The theoretical resolving 
power of the electron microscope increases with the electron- 
accelerating potential used. Most electron microscopes oper- 
ate at electron energies between 30 and 100 kilovolts. 
Higher voltage microscopes have been built.^®* The higher 
electron velocity permits examination of thicker specimens, 
but the higher potential does not give any increase in the 
fundamental resolving power of the microscope. 

Magrrification. As a by-product of the high resolving 
power of the electron microscope, large useful magnifications 
can be used. Magnifications up to 25,000 times are produced 
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by the microscope, and magnifications np to 100,000 times 
are possible by enlargement of the photograph of the image. 

Depth of Focus. The lenses of an electron microscope, 
compared with the lenses of an optical microscope, possess 
long focal lengths and small apertures. These qualities give 
the electron microscope a relatively great depth of focus and 
make it possible to take stereoscopic pictures. To an ob- 
server accustomed to using an optical microscope, even the 
single visual images appear to possess a stereoscopic quality 
because there are few out-of-focus areas in the image. 

An excellent bibliography on electron microscopes has been 
compiled which lists most of the sources of detailed informa- 
tion 
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INDUSTRIAL X-RAY APPLICATIONS 

D. E. Morgan and F. A. Trenkle 


T he discovery of x-radiation by Professor W. C. Ront- 
gen in 1895 touched off speculation as to its exact 
nature and that of the entire electromagnetic radia- 
tion spectrum. At present, the wave-mechanics theory 
seems to satisfy the observed phenomena, but in this (chapter 
it is convenient for some purposes to ascribe continuous- 
wave characteristics to the radiation. For other purposes 
it is advantageous to consider the radiation as being com- 
posed of discrete bundles or photons of energy. This con- 
sideration need not lead to confusion, for the two concepts 
do not conflict in the applications considered here. 


discussion of the objectives and the equipment used in 
medical work. 

27- 1 ECONOMICS OF GROSS-STRUCTURE 
EXAMINATION 

Gross-structure examination is that use of x-radiation 
which reveals the homogeneity or non-homogeneity of mate- 
rials when the conditions to be examined are larger than 
molecular size. For this application, x-ray equipment is but 
another inspection tool available to the manufacturer. The 
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Ful 27 • I Cliussification of the fields of use of x-ray apparatus. 
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In general, the commercially important x-ray applications 
can be divided into two classes, medical and industrial. 
Medical applications include diagnosis or treatment of 
human or animal ailments and studies of the effect of x-radia- 
tion on living organisms. Industrial applications necessarily 
include some which physicists or chemists may believe should 
not be in this category. Figure 27 • 1 shows that such an arbi- 
trary division is not entirely adequate. For example, photo- 
chemistry and radiobiology overlap greatly even though they 
have been placed in different groups. 

In this chapter, the discussion of industrial uses of x-radia- 
tion includes the objectives of use, the particular applica- 
tions which have proved successful, and a description of the 
equipment used. At the end of the chapter is a general 


operator, like that of any other machine, must know the 
capabilities and limitations of the equipment in order to 
pnxluce the best results. 

The uniiiue feature of an x-ray unit is that it enables the 
workman to “look inside’* without destro 3 dng the parts being 
examined. It reveals internal structures in much the same 
way as light reveals the internal structure of transparent 
objects. It is no more difficult for the x-ray worker to locate 
a void in the center of a solid opaque piece than it is for the 
layman to locate an air hole in a piece of glass. 

Metal-Casting Industries 

Serious defects are common in metal castings. In Table 
27*1 is a list of these defects. 
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Although it is not the purpose of this chapter to discuss 
the causes of these defects and the means of detecting them 
in the process of x-ray examination, some examples have 


their use, and the standards indicate by reference to the 
radiograph the extent to which any defects may be present 
and still allow the castings to be acceptable. 


Defects Common in Metal Castings 


Table 27-1 

Gas cavities 
Blow holes 
Porosity 
Inclusions 
Sand 

SlaK or dross 
Shrinkage 

Macroshrinkage 

Pipe 

Microshrinkago 

Porosity 


Cracks 
Hot tears 
Stress 
Surface 

Metal segregations 
Cold shut 
Miss run 


been given in the illustrations to familiarize the reader with 
the appearance of the defect in a radiograph. (See Figs. 
27-2,27-3, and 27-4.) 

By x-ray examination the size and location of these defects 
can be determined. The nature of the defect, its extent, and 
its location are all .significant in determining the ultimate 
strength of the part. A set of standanls is necessary to judge 
the effect of the defect shown by the x-ray examination and, 
if no standards are available for the workman, he must make 
his own standards by testing several of the parts to destruc- 
tion. From these test results a skilled workman is able to 
predict the effect of a flaw in any location. 

Not always is the necessity for standards clearly under- 
stood. Some workmen become highly skilled in predicting 
the effect of a defect on the ultimate strength of the casting, 
which simply means that they work from a set of standards 
they have accumulated by memory. The Bureau of Ships of 



Fio. 27-2 Radiograph of zinc-base die-casting showing blow^holes. 

the Navy Department has published radiographic standards 
of steel castings, presenting radiographs of all the defects in 
their varying degrees. The various types of castings used 
by the Navy are classified into five groups, depending upon 



Fig. 27-3 Radiograph of aluminum castings showing porosity. 


The fundamental reason for x-ray examination in foundries 
is one of cost. Probably any casting could be replaced by a 
forging or a fabricated part. However, a casting is cheaper 
and can be made in more intricate shapes than can a forging 
or a fabricated part. With x-ray inspection to insure the 
soundness of a casting, an economical and reliable part can 
be produced. The cost of the casting plus the cost of x-ruy 
examination is far less than the cost of an equivalent forged 
or fabricated piece. 

Welding Industries 

Welds, like castings, may not be as sound as they appear 
on the surface. Table 27 -2 gives a list of common defects in 
welded sections. 

Table 27-2 Defects Common in Welds 

Cracks 

Shrinkage 

Stress 

Gas cavities 
Blowholes 
Porosity 
Inclusions 
Lack of fusion 

In the weld-shop as in the foundry, the x-ray machine 
lowers costs. An example is the manufacture of welded 
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pressure vessels. The cost of welding plus x-ray inspection 
of these welds is far cheaper than any other means of manu- 
facture. The x-ray machine has also been used as a means 
of education and certification of the welder. Before a welder 
is allowed to work on equipment for the Army or the Navy, 
a sample weld produced by him must be radiographed and 
approved. From a radiograph it is possible to point out to 


In the food industries, the possibility of including foreign 
and objectionable material with the food is always present. 
A reputable manufacturer must do all in his power to pre- 




Fig. 27*4 Radiograph of aluminum casting showing stress crack. 
This crack was plainly visible on the surface but is pictured here because 
the loss in detail in reproduction necessitates accentuation of defects. 

the workman the defects in his work and to suggest means 
for improving his welding technicpie. 

Other Industries 

In the plastics industry there is a constant need for x-ray 
examination. First, plastic parts must be sound. Sometimes 
metal inclusions are placed in a plastic part and, during the 
molding process, these pieces break or are displaced in posi- 
tion. By x-ray examination the extent of the damage can 
be determined immediately (Fig. 27-6). 

Electrical manufacturers must be certain that electrical 
insulation is uniform, and that it does not include foreign 
material. With x-rays electrical parts such as bushings and 
insulators can be examined easily. 


Fig. 27*5 Radiograph of butt weld of J^inch-steel plates showing 
lack of fusion or insufficient penetration of weld leaving a line of un- 
joined metal at the butt. 

vent inclusion of such material, and x-ray inspection is one 
way of doing it. 

A detailed list of this nature could go on and on, but it is 
poasible here only to suggest general classifications of use; 
in other branches of engineering, the usefulness of this tool 
must be recognized as each problem arises. 



Fig. 27 • 6 Plastic-coil forms with metal inserts for electrical terminals. 
In the casting process, these terminals frequently broke just below the 
surface as shown by the ones bent in the radiograph. 

Fundamentals of Application 

There are fundamentally only three reasons for x-ray 
examination. 

The first and most important reason for the industrial 
use of x-ray is that the cost of manufacture of a finished 
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article may be lowered. With it, more economical processes 
of manufacture can be used, as in the easting and welding 
industries. Several examples will show possible additional 
savings. 

Consider a machine-tool manufacturer. The bases for his 
machines probably are supplied by an outside foundry. 
Suppose that, when the first base was machined, a large 
flaw was found where a machined surface was called for on 
the drawing. Subsequent x-ray examination of all bases 
would allow the manufacturer to machine only those bases 
which were sound and to reject the remainder. In this 
way, he vrould save man-hours, machine-hours, and material, 
and thus be able to produce a given quantity of these bases 
with a minimum of machining time at a lower price. The 
saving in machining time far outweighed the cost of x-ray 
examination. 

It is also possible to use x-ray examination in setting up a 
process. For example, a foundryman may find by first piece 
inspection that his casting technique is producing a bad 
part. X-ray examination shows what should be done to 
correct the difficulty. After the difficulty is corrected, it 
may be necessary to use x-rays only as an occasional spot 
check to make certain that the quality is uniform. 

Fabrication problems often may be attacked in the same 
way. One electrical manufacturer was unable to pour a 
filling compound in a high-voltage bushing without leaving 
voids that caused electrical breakdown. The results of var- 
ious techniques of filling were studied with x-rays and a 
satisfactory method was evolved. 

The second reason for x-ray examination is that sometimes 
a valuable mechanism may be destroyed because of the 
failure of relatively inexpensive parts, or a costly delay in a 
large operation may result from the failure of an ordinarily 
unimportant part. If a flywheel on a reciprocating engine 
in a poweiiiouse fails, the engine itself is almost certain to be 
ruined. Failure of a gear driving a roll of a paper machine 
can cause a shutdown of days, which may cost the operator 
thousands of dollars in output and unprofitable labor. Fail- 
ure of a small part in a printing press may mean that the 
entire edition of a newspaper is lost. So, even though x-ray 
examination of a particular part may raise its unit price, 
the most expensive part is more economical from an over-all 
viewpoint. 

The third and last reason is that human life may depend 
upon the soundness of a part, or the exactness of internal 
material placement. Numerous examples of this may be 
found in the transportation industry. 

27-2 X-RAY GENERATORS FOR GROSS-STRUCTURE 
EXAMINATION 

Figure 27-7 shows the essential components of the x-ray- 
generating equipment. A control enables the operator to 
vary the voltage applied to the x-ray tube and to adjust the 
tube current by varying the filament heat. The x-ray trans- 
former normally includes filament windings for both the 
high-voltage rectifier tubes and the x-ray tube as well as the 
high-voltage winding. An x-ray tuba, is needed, of course, 
for the actual generation of the radiation. 

The connection from the x-ray tube to the high-voltage 
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transformer is made by means of cables with rubber insula- 
tion and external metallic sheaths at ground potential. The 
x-ray tube is enclosed in a grounded metal housing and insu- 
lated by means of oil. By this arrangement, it is not possible 
for the operator to come into direct contact with the high- 
voltage circuit under normal operating conditions. 

The x-ray tube can also be mounted in the same tank as 
the high-voltage transformer; therefore high-voltage cables 
are unnecessary. This type, known as a self-contained unit, 
has been adopted widely, but it has the obvious disadvantage 
of requiring a large mass to be moved when the position of 
the x-ray tube is to be changed. With equipment of low 
voltage and low current ratings, this kind of self-contained 
structure is not cumbersome, and is generally used. 



Fig. 27 *7 Diagram showing the essential components of a simple x-ray 
generator of medium- voltage range. 


The three primary functions of the control are simply to 
regulate the voltage applied to the tube, to regulate the 
current through it, and to control the duration of the x-ray 
exposure. In regulating the voltage applied to the tube 
there are several complications. It is necessary to assure 
the operator that the voltage he believes exists actually does 
exist at the tube. Such factors as transformer regulation 
and line regulation give different x-ray-tube voltages even 
though the control settings may not have been changed. 
The usual procedure is to use an autotransformer which is 
stepped to produce the necessary voltage division. If the 
voltage drop under load is known, the no-load setting is made 
higher by the amount of the voltage drop under load. Com- 
pensation for variations in incoming line voltage can be 
accomplished by the same means. The second function, 
that of varying the tube current, is fulfilled by the use of a 
rheostat or variable inductance in the tube-filament circuit. 
When the heat of the tube filament is varied, various x-ray 
tube currents are obtained. A milliammeter is usually in 
the control for indicating this current. The normal pro- 
cedure is to measure the current through the transformer at 
the ground point and to use this as a measure of the tube 
current. Nearly all x-ray transformers are operated with 
their midpoints grounded because each half of the secondaiy 
circuit need only be insulated for one half of the voltage 
applied to the tube. The third important function of the 
control is to provide a means for accurate timing of the x-ray 
exposure. For this purpose, all that is necessary is a relay 
which removes the voltage from the tube after a predeter- 
mined time. 

High-voltage equipment for x-ray work has quite different 
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requirements from those of high-voltage equipment used in 
power transmission and distribution. X-ray transformers 
are not subjected to the rough usage expected of other types 
of transformers. Voltage surges can be expected to be at a 
minimum, and the overload capacity can be almost zero, 
because the tube will fail long before the transformer has 
reached its limiting point. Furthermore, small space and 
light weight are of primary importance. This reduction in 
size is possible because only a limited current load is expected 
on these transformers, and because the insulation spacing 
may be reduced to a minimum. Because of the light current 
load reasonably small capacitors can be used as energy- 
storing devices, and voltage-doubling and similar circuits 
are practical. 

X-ray generating equipment c;an be divided into five 
voltage classes; 0 to 50, 50 to 100, 100 to 150, 150 to 300, 
300 kilovolts and above. This is a different division from 
that used in Chapter 8, and is chosen to fit the types of 
applications, not because of problems in equipment design. 
The voltage rating is always understood to be peak kilovolts, 
and the milliampere rating is always average. 

0- to 60-Kilovolt Class 

Equipment in this voltage class is generally used for micro- 
radiography and for diffraction work. Usually the control 
and transformer are in the same container and the trans- 
former is “end-grounded.” It is end-grounded because it is 
desirable to operate the anodes of tubes in this voltage class 
at ground potential so they may be cooled by tap water. 

60- to 100-Kilovolt Class 

A large portion of the radiographic work with light-alloy 
castings and with non-mctallic material is done in the range 
of 50 to 100 kilovolts, but its use for steel and heavy metals 
is limited. Most of the ecpiipment utilizes self-contained 
units, and the controls are usually of the simplest type. 
Equipment in this class is satisfactory for radiographic 
inspection of aluminum up to 2 inches thick. 

100- to 160-Kilovolt Class 

Most of the work done with equipment of this class is with 
thin-steel sections, heavy light-alloy parts, and heavy plas- 
tic pieces. It can lx; used for radiographic inspection of 
1 inch of steel, ^4 of brass, or from 5 to 6 inches of 
aluminum or magnesium. Ilalf-wave re(;tificd transformer 
circuits are used almost universally with cable connections 
to the x-ray tube. Figure 27-8 show^s a modern unit rated 
at 150 kilovolts and 6 milliamperes. This unit uses a water- 
cooling coil inside the x-ray-tube head, with the heat being 
transferred from the tube to the insulating oil and then to 
the water in the cooling coils. 

For this unit a new principle of controlling the tube cur- 
rent has been applied. The x-ray-tube current is carried by 
a bias resistor and thus controls the current through a high- 
vacuum tube. The current through this vacuum tube is 
then applied to the saturating coil of a saturable reactor. 
Coils on this saturable reactor also carry the filament current 
of the x-ray tube, which is alternating current. Any change 
in the current of the x-ray tube alters the bias of the vacuum 
tube, changes the saturating current for the saturable reactor, 
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and varies the impedance in the filament circuit of the x-ray 
tube. The filament heat then changes because of the change 
in filament current and restores the x-ray-tube current to 



Fig. 27*8 A 150-kilovolt, SO-milliampere x-ray unit utilizing a jib 
crane mount for the x-ray tube. The control is outside of the room. 

the proper value. This system enables the operator to make 
a current setting on a dial with absolute assurance that the 
current value he sets will be obtained and held during the 
entire exposure. 



Fig. 27*9 Schematic wiring diagram showing one type of voltage- 
doubling circuit commonly used in x-ray units. 


160- to 300-Kilovolt Class 

In this category, steel up to 4 inches thick can be inspected. 
Generators of both the self-contained and cable-connected 
type are built in this voltage class. For these units, voltage- 
doubling circuits can be used economically. 


X-Ray Generators for Gross-Sinicture Examinaiion 
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Figure 27 -9 shows a schematic diagram for a 220-kilovolt 
unit which utilizes a voltage-doubling circuit. Figure 27 • 10 
shows a mobile 220-kilovolt unit incorporating a generator 



Fiq. 27*10 A 220-kilovolt , 25-milliampore mobile x-ray unit in position 
for radiography of a weld. 


of this type. Sometimes it is more economical to transport 
the x-ray unit to the parts to be examined than to transport 
the parts to the x-ray unit. As discussed in Chapter 8, this 
unit utilizes oil cooling directly on the back of the anode of 
the tube. The oil serves as an insulator as well as a cooling 
agent and circulates through a heat exchanger with tap 
water as a primary coolant. 



Fio. 27*11 Two-million-volt x-ray unit constructed at Ma.ssachusctts 
Institute of Teclinology. The outer shell has been removed in this 
photograph to disclose the equi potential rings and the driving motor in 
the base. The x-ray tulxj target is below the floor level. High-pressure 
gaseous in.sulation is used in this unit to reduce weight. 

300 Kilovolts and Above 

Some units rated at 400 kilovolts are extensions of the 
circuits used below 300 kilovolts. Mogt of such units have 
been of the self-contained type. They are satisfactory for 
radiography of steel up to about inches. However, the 
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difficulties with secondary radiation become severe in this 
voltage range. As a result, emphasis has swung to units 
rated at 1000 kilovolts and above. 

It is possible with 1000 kilovolts to radiograph about 5 or 
6 inches of steel. Conventional high-voltage circuits arc not 
applicable at these voltages as the weight of the equipment 
becomes excessive; therefore various unusual generating 
systems are utilized. 

Since the current drain is relatively low for x-ray work, 
resonant circuits can be used for building up high voltages. 
To save weight, high-pressure gaseous insulation has been 
used in place of oil. One difficulty with this kind of unit is 
that the characteristics of a resonant circuit limit the range 
of voltage severely. This type of unit with a top rating of 
1000 kilovolts operates only down to about 700 kilovolts, 



Fio. 27*12 Ultrahigh-speed unit for producing 1 -microsecond ex- 
posures. At left is the high-voltage transformer supplying charging 
voltage to the surge generator. In the cent4ir is the c*ontrol on which is 
mounted the interval timer for initiating firing of the surge generator at 
predetermined times aft/Cr closing or opening a circuit. At right is the 
surge generator supplying power to the x-ray tube mounted on arms at 
extreme right. 

and the output is much reduced at this voltage. However, 
units of this type with highest rating up to 2000 kilovolts are 
in successful operation. 

The Van de Graaff principle of high-voltage generation 
has been used for equipment with a rating up to 5000 kilo- 
volts. Constant potential is obtained with this type of equip- 
ment as compared to a pulsating potential for the resonant- 
transformer type of equipment. This unit overcomes the 
difficulty of the range of variation in allowable operating 
voltage, but the allowable current drain is lower. Figure 
27*11 shows a unit of this type. 

XJltrahigh-Speed Radiography 

A radically different type of equipment has been made 
possible by the ultrahigh-speed x-ray tube described in 
Chapter 8. To supply the tube, a large quantity of power 
must be furnished for 1 or 2 microseconds. To obtain this 
power the x-ray tube is energized by a surge generator with 
a circuit of a modified Marx type to produce extremely short 
exposures. The exposures last approximately 1 microsecond; 
the tube current is approximately 2000 amperes; peak volt- 
ages up to 330 kilovolts are being successfully used. Such 
equipment is suitable for producing a radiograph through 
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about 1 inch of steel, and will ‘‘stop” the motion of pro- 
jectiles of even the highest velocity. Figure 27*12 shows 
one of these units ready for operation. 

27-3 TECHNIQUE OF GROSS-STRUCTURE 
EXAMINATION 

An x-ray field of uniform intensity is generated by an 
x-ray tube, and the radiation is allowcxl to pass through the 
object to be examined. Since the absorption of x-radiation 
depends upon the type and the amount of material which 
it must traverse, the x-ray field is transformed from one of 
uniform intensity to one in which the intensity varies acconl- 
ing to the amount and type of material in the x-ray beam. 
The emergent field then has an intensity variation which 
parallels the variations in the object. The only difference in 
the various methods of inspection is in the means of trans- 
forming this x-ray pattern into either a visible pattern or a 
graph form. 

In radiography, the recording medium is a film which is 
exposed for a period of time to the intensity of the x-ray 
pattern. Subsequent development and illumination of the 
film transfers the x-ray pattern into a visible image. In 
fluoroscopy, a visible image of the pattern is shown on a 
cardboard screen coated with small crystals of fluorescent 
material. The light pattern emitted from the surface of the 
screen is proportional at any point to the x-ray energy 
received; therefore, the light pattern follows the variation of 
the intensity of the x-ray pattern. Photofluorographic 
technique is an extension of fluoroscopic techniejue. A 
camera is set \ip so that the image on the fluorescent screen 
(!an be photographed on a film of small size. Non-visual 
recording systems produce directly a variation in an elec- 
trical quantity which can be used as a measure of x-ray 
field intensity. In microradiography, a film is made in much 
the same way as in radiographic work, but it is magnified 
many diameters for viewing. 

Total radiation of an x-ray image comes from two sources: 
(1) primary radiation originating at the target of the tube, 
penetrating the object and fomiing the image; (2) secondary 
or scattered radiation which reaches the film and obscures 
the real image. Of these two sources, only the first is useful; 
the second is undesirable, and is to be eliminated if possible. 
In a satisfactory image little of the energy arriving at the 
ivcording medium is from secondary radiation. 

Whenever x-radiation strikes any material, some of the 
primary radiation is changed into secondary radiation in 
much the same way as a beam of light is dispersed in a fog, 
as described in Chapter 8. Since the points of origin of 
secondary radiation are different from that of the x-ray-tube 
focal spot, any image produced by this radiation obscures 
the tnie image. 

The secondary radiation is distributed spherically around 
the originating points. Therefore, it is possible to set up a 
grid of flat thin pieces of lead or other x-ray absorbing mate- 
rial aligned so that their thin surfaces lie in the direction of 
propagation of the primary beam. Since the strips of lead 
are thin, the primary beam is opposed by only a small amount 
of absorbing material. However, a large proportion of the 
secondary radiation will be stopped by this grid because of 


its different angular relationship with the surfaces of the lead 
strips. This grid or diaphragm is known as a Bucky dia- 
phragm. Figure 27 • 13 illustrates the grid and the absorbing 
mechanism. 

The statement that secondary radiation has approximately 
spherical distribution is true only at the lower voltages. At 
1000 kilo\ olts, secondary radiation is predominantly in the 
forward direction; for this reason, results at this voltage are 
better than would be expected from experience with lower 
voltages. Obviously, if all the secondary radiation were 
propagated in exact line with the primary radiation, it would 
not be deleterious but advantageous, for it would intensify 
the image formed by the primary beam. At 1000 kilovolts, 



Fig. 27*13 Schcnatic diagram showing the mechanism of secondary 
radiation absorption by a Bucky grid, 

the seiJondary distribution departs sufficiently from spherical 
distribution to show a marked advantage over the distribu- 
tion at lower voltages. 

Another means of reducing secondary radiation is based 
on the fact that secondary radiation is always of longer 
wavelength and is therefore less penetrating than the pri- 
mary beam. A flat sheet of lead varying from 0.002 or 
0.(X)3 inch up to several millimeters in thickness, depending 
upon the x-ray-tube voltage, is placed between the object 
which generates these secondary radiations and the record- 
ing medium. Since secondary radiation is less penetrating 
than primary radiation, the percentage of secondary rays 
absorbed in the lead sheets is larger than that of the primary 
rays. After passing through the lead sheets, the x-ray field 
has a higher percentage of its intensity due to primary radia- 
tion and the relative intensity of the objectionable secondary 
radiation is diminished. 

Three variables under the operator’s control must be 
manipulated to produce the best image. These are (1) tube 
current, (2) tube voltage, and (3) distance between the 
x-ray-tube target and the recording medium. 

Current through the tube is controlled by the filament 
heat and is indicated by an instrument on the control board. 
Primary radiation is directly proportional to this current; 
thus a tube current of 10 milliamperes produces twice as 
much radiation as a current of 5 milliamperes. Quality or 
penetrating power of the x-radiation is not directly affected 
by a change in tube current. 

Voltage applied to the tube is regulated by taps on the 
autotransformer supplying primary voltage to the high- 
voltage transformer. Voltage influences both penetrating 
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power (quality) of the radiation and also the amount (quan- 
tity) emitted. Because voltage influences both of these 
major characteristics of the beam, it is the most important 
variable at the command of the operator. It is also the 
most difficult to control, because the effect of voltage changes 
cannot be predicted except by practical knowledge. 

The distance between the target of the tube and the record- 
ing medium, known as target-to-film distance in radiography 
and target-to-screen distance in fluoroscopy, influences the 
amount of radiation reaching the recording medium and 
also the definition of the x-ray image. The amount of radia- 
tion reaching the recording medium varies inversely as the 
square of the distance. Thus, it is nearly always advan- 
tageous to have the tube as close as possible to the recording 
medium to make the image as intense as possible. The 
limiting factor is the loss of definition as the target-to-film 
distance is decreased. 

Definition of the x-ray image is purely a geometric func- 
tion, and consequently can be predicted with the certainty 
of mathematics. Since the image is merely a shadow picture, 
sharpness of the shadow is dependent upon the size of the 
source of the radiation, the distance l)etwccn the target and 
the recording medium, and the distance between the object 
being examined and the recording medium. The effect of 
these variables can be observed by the exaggerated drawing 
in Fig. 27 • 14. In Fig. 27*14 (A), the focal spot is illustrated 
as a point at T, The defect O in the specimen is close to the 
film F. A sharp image of the object is projected on the 
recording medium. The focal spot actually has a finite area, 
and the effect of substituting a large focal spot for the point 
source is illustrated in Fig. 27*14 (B). Each point in this 
large focal area projects its own shadow, and these shadows 
produce an indistinct image of the object. It is therefore 
advisable to make the focal spot as small as possible for the 
thickness of the material being examined. 
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(A) (B) (C) (D) 

Fiq. 27*14 The effect of the various factors controlling definition. 
The lowest figures represent a plan view of the image recorded on the 
film F. T represents the focal spot or x-ray source, and O the object. 

The loss of definition caused by a large focal spot is lessened 
by using a greater target-to-film distance, as illustrated in 
Fig. 27*14 (C). It is advisable to use the greatest distance 
without decreasing the x-ray field intensity below a reason- 
able limit. Sharpness of the image is directly proportional 
to both focal spot size and target-to-film distance, and is 
dependent upon the distance between object and recording 
medium, as shown in Fig. 27 • 14 (D)^ Here the shadow is 
more diffused than in Fig. 27 * 14 (C), where the object was 
close to the recording medium. If the defects are suspected 


of being in one side of the specimen it is best to place that 
side as near the recording medium as possible. It is impera- 
tive to make the distance between the recording medium 
and the object being examined a minimum. 

After the x-ray beam traverses the specimen its intensity 
varies over the entire area, paralleling the variation of part 
material and thickness. The degree of variation in intensity 
for different thicknesses is termed contrast. If the differ- 
ence in intensity for a given change of thickness is great, 
the contrast is high. If the change in intensity for the same 


T 



(A) (B) 


Fio. 27* 15 The effect of the various factors controlling distortion and 
magnification. The lower figure represents a plan view of the image 
recorded by the film F. T represents a point source of x-radiation, and 
O the object. 

change of thickness is small, the “contrast is low. Usually 
the means of recoixiing the x-ray pattern increases the con- 
trast in the x-ray beam. Increasing tube voltage decreases 
contrast, since the same increment of thickness absorbs less 
of the more penetrating radiation, and the difference in 
emergent radiation intensities is less. Since tube voltage is 
the only factor which influences penetrating power or quality 
of the beam, it is the only variable at the command of the 
operator by which contrast can be controlled. 

The effect of contrast in the image is related intimately to 
the factor of definition. Obviously, a variation in thickness 
of material is more readily observable in a visible image if 
the variation causes a sudden or sharp change in x-ray-beam 
intensity, because the eye can detect sudden changes more 
easily than gradual changes. High contrast would be nearly 
worthless if each change of x-ray intensity had such poor 
definition at the point of change that it was indistinct. To 
produce a satisfactory image, contrast must be higli and 
definition must be go(xl. 

The objective of high contrast must l>e tempered because 
of the frequent requirement that an x-ray image hold the 
changes in beam intensity to a usable range, even though 
the variation in thickness of the specimen is great. This 
factor is called latitude, and it refers to the variation in part 
thickness that may be allowed for usable maximum and 
minimum beam intensities. The choice of tube voltage, 
then, is always a compromise between the requirements of 
contrast and latitude. 

Distortion and magnification in an image are also geometric 
functions, and are illustrated by Fig. 27*15. Image A is 
formed by having the tube centered over the object and the 
direction of the beam perpendicular to the recording plane. 
The image is circular in shape. Magnification is uniform 
and can be decreased by increasing the distance between the 
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x-ray tube and recording plane. Image B is the projection 
of a beam which is not perpendicular to the film. The image 
is distorted, one axis being extended to make an oval shape, 
and the magnification is much greater than for image A, 

Clearly the workman must be skilled in choosing voltage, 
current, and a set-up which will give the most intense image 
with good definition and acceptable contrast and latitude. 
In other words, he must choose these factors for maximum 
scuisitivity over the entire area in which he is interested. 

Strictly speaking, sensitivity is determined after the x-ray 
image has been recorded, but control of all the factors dis- 
cussed in this section is essential for maximum sensitivity. 
Sensitivity is a measure of the success in detecting all defects 
in the part being examined. It usually is expressed as the 
ratio (in percent) of the thickness of the smallest detectable 
defect to the thickness of the base material. Rigid standards 
of sensitivity measurement have been set up. Loosely, a 
technique which can illustrate the presence of a void 0.015 
inch thick in a specimen 1 inch thick has a sensitivity of 
1.5 percent. With good laboratory procedures, it is possible 
to achieve a sensitivity of slightly less than 1 percent in 
radiography, from 5 to 15 percent in fluoroscopy, and from 
3 to 7 percent in photofluorography. Sensitivity of non- 
visual recording is much better even than that of radiography, 
but progress is so rapid in this field that it is not wise to 
place a limit on the obtainable sensitivity. In practice 
sensitivity between^ 1 and 2 percent is obtained in radiog- 
raphy. The usefulness of x-ray examination as an inspec- 
tion tool depends upon the sensitivity that must be obtained 
to make the anticipated defects legible in the resultant image. 

Sensitivity is dependent upon all the factors affecting the 
x-ray image and all those involved in the recording system. 
To measure sensitivity it is customary to place additional 
thin pieces of the base material on the specimen. These 
telltales or penetrameters, as they are knoAvn, have l)een 
standardized. 

The most common form of penetrameter (Fig. 27 • 16)^^ con- 
sists of separate telltales made of the same material as the 
object to be examined. For all materials ex(;ept magnesium 
or magnesium alloys, the thickness of each penetrameter 
must be not greater than 2 percent of the thickness of the 
object, except se(itions less than 3^ inch thick, for which a 
penetrameter 0.005 inch thick is reciuired. For magnesium 
and magnesium alloys, the thickness of each penetrameter 
must be not greater than 3 percent of the thickness of the 
object, except sections less than 0.17 inch, for which a pcnc- 
trameter 0.005 inch thick is required. Drilled through each 
penetrameter are three holes with diameters two, three, and 
four times the thi(;kness of the penetrameter. These ix'ne- 
trameters are always placed on the tube side of the specimen 
at the extremes of the field so that they are more difficult to 
detect than any defect in the specimen which would be 
closer to the n^cording plane and the (tenter of the beam. 

As pointed out in Chapter 8, the usual x-ray tube uses the 
line-focus principle, and the angle of the target in normal 
industrial work is 20 degrees. If an attempt is made to 
utilize radiation which comes from the tube anode at an angle 
of less than 5 degrees, the intensity decreases seriously be- 
cause the radiation is not generated at the surface of the 
anode but may originate at a point several molecular layers 


below the surface of the target. Originating at this point, 
at grazing incidence to- the target, the x-radiation must 
traverse some metallic material to reach the air and thus 
decreases in intensity. 
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Fig. 27 ‘16 Penetramet43r dimensions. (Reprinted from Army-Navy 
Aeronautical Specification AN- 1-26, Sept. 1944, with permi.s8ion of the 
War and Navy Departments.) 


27-4 INDUSTRIAL RADIOGRAPHY 

The length of time radiation is allowed to strike the film 
is known as exposure time; it is recorded by an interlocked 
exposure timer on the control board, or by an independent 
timer. Although the incident intensity may be low, the 
film may be allowed to accumulate energy over a long period 
of time. This cumulative effect is one of the major advan- 
tages of this type of recording over the others. With it, low 
voltage can be used for increase in contrast, and long target- 
to-film distances can be used to inc^rease definition. 

Since total radiation reaching the film is directly propor- 
tional to both current and exposure time, these two variables 
are frequently combined into a product, milliampere-minutes. 
Ten milliampere-minutes may be produced by an exposure 
of 10 milliamperes for 1 minute or by 5 milliampcres for 
2 minutes, and the effects on the film arc the same. The 
choice of voltage, milliampere-minutes of exposure, and 
target-to-film distance can be detennined from a technique 
chart. Figure 27 • 17 shows a typical technique chart. 

Producing adequate film blackening in a radiograph is not 
the complete process of radiographic technique by any 
means; it is only the first step. The radiograph must possess 
other characteristics, but these must come before film black- 
ening because without adequate film density the other char- 
acteristics could not be distinguished. Actually, film black- 
ening is the means of bringing out the following necessary 
characteristics in a radiograph: (1) proper contrast and 
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latitude; (2) maximum visibility of the image; (3) maximum 
definition; and (4) minimum distortion and magnification. 

Maximum definition and minimum distortion and magnifi- 
cation are obtained by proper choice of target-to-film dis- 
tance and placement of the object in relation to the beam, 
as tliscussc'd in Section 27*3, Proper contrast and latitude 
and maximum visibility of the image are determined by the 
film characteristics in relation to the x-ray beam. 

The significance of contrast and latitude, along with other 
intricate phases of the transfer of x-ray patterns to a film, 
can be seen by a graph v. hich shou s the relation between 
incident radiation and the response of a film emulsion. This 


X-RAY TUBE VOLTAGE IN KV 



Fio. 27*17 Typical technique chart. This applies to rolled steel with 
no-screen film and 0.005-inch lead screens and a 36-inch target to film 

distance. 


graph is known as an H & D curv^e (TIurter and Driffield) 
and relates film density to the logarithm of the exposure, as 
8ho\vn in Fig. 27 • 18.’ 

Density of a film is defined as the common logarithm of 
the ratio of the light incident on the film to the light trans- 
mitted through the film. A density of 1 indicates that one 
tenth of the incident light passes through the film. The 
useful range of the film is the straight-line portion of the 
curve, and ordinarily lies in a range of densities between 
0.4 and 2.0 with ordinary viewing facilities, or to about 4.0 
with high-intensity viewers. 

An important phase of the transfer of radiation energy to 
a film is the speed of transfer; it is indicated by the position 
of the curve with respect to the vertical axis. Obviously, 
the film which gives a usable density with the least exposure 
is the fastest film. These curves are determined at definite 
voltages, and the slopes of the cur\"es change with voltage, 
but the genend relations remain the same. 

Figure 27-19 is an interpretation of the curve shown in 
Fig. 27-18. The slope of the curve in Fig. 27-18 represents 
the contrast, since contrast in a film is really the rate of 
change of density with respect to exgpsure. The best den- 
sity is that at which contrast is maximum if this point is 
within the usable density range. Figure 27 - 19 shows why 


the tendency in industrial radiography has been to use higher 
densities of 1.5 to 2.5. This limit is not because high con- 
trast cannot be obtained at higher densities but because 
ortlinary viewers cannot produce sulficient light intensity 
to penetrate the extremely high density. 

Latitude is that characteristic of a film w^hich determines 
the range of thickness of parts that can be examined on one 
film. If a part has a wide difference in thickness in its various 
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Fig. 27*18 Characteristic curv-es of films used in industrial radiog- 
raphy, for direct or metallic-screen x-ray ex|K)Hures in the voltage range 
of 50 to 200 kilovolts. Curve .4 is for high-spcied no-8creen film, curve 
H for no-screen film, curve C for high-spwd screen film, curve D for 
detail no-screen film, and curve K for fine-detail noscreen film. (Re- 
printed with permission from “Radiography of Material.^,'’ published by 
Kastman Kodak Company, 1943.) 

sections, the latitude of the examining process must be suffi- 
cient to produce a usable density on the film at both the 
thinnest and the thickest sections. Thus a sacrifice must 
l)e made in contrast since, to obtain high contrast, a small 
change in part thickness must cause a large change in x-ray 
intensity. Both film characteristics and tube voltage affect 
latitude; therefore it is always necessary to consider the film 
in determining the proper voltage setting, not only from the 
viewpoint of proper exposure time determined by film speed, 
but also from the viewpoint of the latitude desired. 

Since the energy striking the film is directly proportional 
to exposure time, and since the absorption of x-radiation by 
materials is a logarithmic function for monochromatic radia- 
tion, it is possible to use a thickness of material instead of the 
logarithm of exposure on the II & D curves. This procedure 
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has been followed in the bottom scale of Fig. 27*18; to assist 
in visualizing this scale, a thickness wedge is included. This 
conversion is tnie only for a monochromatic beam, but it is 
sufficiently close for approximate analysis. 

Using the thickness-of-material scale as a guide, it is clear 
that, if the specimen is of unifonn thickness, except for de- 
fects, it is desirable to use a film of high contrast because a 
small void in the material produces a noticeable increase in 
blackening in the image. 

Such a high contrast characteristic could not be used if 
the specimen had several widely different thicknesses, be- 
cause only one thickness would produce a legible density; 
thinner sections would appear black on the film and thicker 
sections would be clear areas. For such a specimen, a tech- 
nique producing film of low contra.st and wide latitude is indi- 
cated. Such technique does not produce great contrast in 
any section, and small changes of thickness, such as defects, 
may not be legible. If a radiograph with satisfactory sensi- 
tivity for each thickness of the specimen (cannot be produced 
by one simple exposure, a tcchniciuc giving higher contrast 
should be used, and the thinner section should be built up 
with additional material, or different exposures should be 
given to the individual sections. 

Frequently calcium-tungstate intensifying screens are 
used to speed up the radiogi'aphic process. Calcium tung- 
state emits light under the influence of x-radiation, the 
amount of light emitted depending upon the intensity of the 
incident x-ray beam. These screens arc made by coating 
pieces of cardboard with thin layers of fine calcium-tungstate 
crystals. One of these screens is placed on each side of the 
x-ray film, because x-ray film has a sensitive emulsion on 
both sides of the base. The total exposure of the film then 
comes from two sources: (1) absorption of x-radiation by the 
film itself; and (2) absorption of light emitted from the 
calcium-t ungstate screens. 

The intensification factor with calcium-tungstate screens 
is about 100 to 1, meaning that with other factors constant 
the x-ray exposure may be reduced by a factor of 100 if 
calcium-tungstate screens are used. Infrequently, contrast 
can be increased by the use of intensifying screens. The 
screens have a direct effect in increasing contrast; moreover, 
since a satisfactory film can be produced with less exposure, 
film densities may be obtained with lower tube voltage and 
the same time of exposure. Reduction of voltage increases 
contrast. However, fine detail in the photographic image is 
never pnxluced as well with screens as it is without them. 
The crystals cause fuzzy edges in the image because the 
entire crystal glows even though only a part of it may be 
irradiated. The screen ''grain'' then prints itself on the film 
and sharp contours become more diffuse. 

Often visible in a radiograph is an under-cutting effect, 
if a thin section adjoins a thick section. The x-ray intensity 
reaching the film through the thick section is small com- 
pared with the intensity through the thin section. Film 
blackening then spreads underneath the thick section and 
produces an undercutting dark end effect which makes 
detection of defects in this edge almost impossible. Obvi- 
ously, this undercutting happens most frequently at the 
outside edge of the part being examined. Two methods may 
be used to avoid it. 


One is to shield the areas which normally would be sub- 
jected to radiations of high intensity. The shielding should 
follow closely the outline of the object or area under examina- 
tion, and should reduce intensity through the thin areas to 
about the same as that through the thick areas. Lead sheet 
is frequently used but, if it cannot be made to fit the shape 
of the object, lead shot, copper shot, or lead powder can be 
used to mask the irregular shape or to fill large openings. 
These materials are sometimes formed into a workable paste 
by mixing them with wax. An alternative is to immerse the 
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Fig. 27 • 19 Replot of the data given in Fig. 27 • 18 but using the slope 
of the curves, which is contrast, as abscissa. This points out the reason 
for the trend toward higher film densities because of the increase in con- 
trast. The curves refer to the films given in Fig. 27*18. 

object in a water solution of a lead salt. If shielding is used 
in areas that are of no interest, radiopaipie shielding is used 
to prevent creepage and fogging of the adjoining areas; in 
other cases, all the areas are of interest and the shielding is 
radiopaque only to the extent that it prevents complete 
blackening of the film. 

A second means of reducing undesirable radiation is the 
use of filters. Filtem of aluminum, copper, or lead are com- 
monly used and, because of their uniform density and thick- 
ness, cast no image. A filter can be used between the x-ray 
tube and a specimen which does not completely fill the film 
area to reduce the background intensity of the unobstructed 
radiation without materially decreasing the intensity of the 
radiation of the real image. This is because the undesirable 
radiation along the unobstructed path contains much more 
radiation of long wavelengtlis than that which passes through 
the object before striking the film. Most of the darkening 
in the unobstructed areas is due to this long-wave radiation. 
A filter reduces this long-wave radiation without greatly 
affecting the short-wave radiation, thus reducing the differ- 
ence in intensity between the x-ray along the unobstructed 
path and that passing through the part being examined. 
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Obviously the filter does absorb some radiation of all wave- 
lengths, so exposure time or x-ray-tube current must be in- 
creased to compensate for the absorption of x-ray energy in 
the filter. 

Usually it is preferable to place such a filter between the 
specimen and the film. Tn this position the filter serves the 
same purpose as before, and in addition eliminates some of 
the secondary radiation which originates in the object, as 
discussed in Section 27 -3. 

If the filter can be made of lead and can be placed in 
contact with the x-ray film, this method has an additional 



Fig. 27*20 Iligh-intensity illuminator using double illumination. A 
brilliant general field allows the illumination of the entire film. For very 
dense portions a high>intensity light covering a 4-inch circle in the 
center of the general field may be turned on. 

advantage in that it causes intensification. The reason for 
the intensifying action is that some of the primary beam is 
absorbed in the lead screens, and the x-ray energy is trans- 
formed into heat, secondary radiation, photoelectrons, or 
recoil electrons. The energy transformed into heat has no 
effect on the film. Some of the secondaiy radiation strikes 
the film and produces exposure but, since the source of 
secondary radiation is so close to the x-ray film, the image 
produced by the primary beam is intensified. Since second- 
ary radiation always has a longer wavelength than the 
primary radiation causing it, absorption of secondary radia- 
tion in the film is larger. Energy which is transformed into 
photoelectrons directed toward the x-ray film is almost com- 
pletely absorbed by it because the photoelectrons have low 
penetrating power. This absorbed energy also causes ex- 
posure of the film. X-ray energy transformed into recoil 
electrons directed at the film also is almost completely ab- 
sorbed by it. There is, then, a net gain in film exposure. It 
is reduced by the absorption of the primary beam by the 


lead screen, but its increase by the other factors far out- 
weighs this decrease by absorption. 

The film usually is sandwiched between two pieces of lead 
foil so that both intensify although only the one on the tube 
side of the film acts as a filter. 

Lead-foil screens are much slower than calcium-tungstate 
intensifying screens. They have an intensifying factor of 
about 5, but this varies markedly with voltage. Lead-foil 
screens have almost no ‘‘grain’^ as calcium tungstate screens 
do; therefore lead-foil screens produce much better image 
visibility. 

Some of the advantages of both lead-foil and calcium- 
tungstate screens can be obtained by using a lead-foil screen 
on the tube side of the film as a filter and a low-power intensi- 
fying agent and a caUnum-tungstate screen on the far side 
as a high-power inteiisificr. 

As mentioned in Section 27 *3 a Bucky diaphragm, or grid, 
can be used to eliminate a large portion of the secondary 
radiation. Since the exposure is accumulated over a period 
of time, the Bucky Diaphragm can be moved in a direction 
perpendicular to the lines of the grid during the exposure to 
prevent formation of a sharp image of the grid. Because 
the various lines blur they arc not detectable on the final 
film. This procedure is not often used industrially because 
of the difficulties of moving the diaphragm continuously 
during long exposures, and because lead-foil screens per- 
form satisfactorily. 

After the exposure has bc^en made, the film is processed 
carefully so that the latent image is developed, fixed, washed, 
and dried. Although the processing of film is a simple 
routine, succeas is based on good technique. As in all chem- 
ical work, careful and orderly routines arc important. 

Fog on the film obscures the real image. A detailed dis- 
ciussion of the factors which produce fog and consequently 
decrease visibility of the image will not be given here. Some 
of the causes are: 

1. Incorrect safe light in the darkroom. 

2. Exposure of film to light. 

3. Exposure to stray radiation. 

4. Old film. 

5. Oxidized developing solutions. 

6. Warm developers. 

7. Overdevelopment (to compensate for under exposure). 

8. Fumes (lack of ventilation, especially when drying). 

Radiographs must be viewed under the best possible con- 
ditions, so that everything in the radiograph is evident. 
Brilliant and uniformly distributed illumination should be 
used behind the film, and other illumination in the room 
should be minimized. If the film is smaller than the illumi- 
nator screen, or if small areas in a film are particularly im- 
portant, the disturbing portion of the transmitted light from 
the illuminator should be masked. 

Because the use of higher densities of film is becoming the 
practice in industrial radiography, it becomes desirable to 
have an illuminator with two light intensities. Usually a 
radiograph contains some dense areas which require strong 
illumination, but low-intensity illumination serves for the 
major portion of the radiograph. An illuminator for such 
radiographs can be built with a brilliant general illumination, 
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which is satisfactory for a density of 2.0, and a high-intensity 
spot approximately 4 inches in diameter, which is satisfac- 
tory for densities up to 4.0. Figure 27-20 shows an illu- 
minator of this type. 

The ultrahigh-specd unit discussed in Section 27-2 is de- 
signed specifically for foimation of a radiograph in the 
minimum time. To reduce the exposure time to about 
1 microsecond, striking changes have to be made in the 


The ultrahigh-speed unit, then, cannot be considered as 
doing the same job as conventional radiographic equipment. 
If motion must be “stopped” it is an excellent tool; for this 
reason it is adaptable to problems in ballistics. Not only is 
it possible to radiograph projectiles in transit through gun 
barrels but also to radiograph the same projectiles where the 
smoke (louds or flash of light from the exploding powder 
makes high-speed photography impossible. Furthermore it 


The nose of the shell has passed thro\igh the plate. 
There has been no shift of the detonating parts of 
the fn.se. 


The shell has starUsl to swell in the region of the 
bourrelet. The btsister has not yet detonated. 


The shell body has swelled to almost twicH? nor- 
mal diameter. The petals have comstraintid the 
bourrelet region of the shell from swelling as raj)- 
idly the body of the shell. The base of the 
shell has swelled very little. 


The shell has ruptured. The ba.se of the shell i.s 
st^irting to mushroom out. The constraining ef- 
fect of the jxjtals is evident. 


Fia. 27-21 A series of ultrahigh-si>c?ed radiograplis of explosive .shells striking a metal plate. These are not radiographs of the same shell but 
a scries taken at different points in the explosion of a number of shells. From high-sjx-ed x-ray pictures like the.se taken under the direction of 
K. H. Thilo of Frankford Arstmal, ballistics experts learn many things about projectiles and armor plate. 



X-ray tube. The focal spot size must be increased to prevent 
destruction of the target by the tremendous short-time load. 
Total radiation emitted during this short exposure is less 
than is normally used for regular radiographic work where 
there is no limit on the time; therefore the output must be 
increased by raising the tube voltage above that which 
would be used for the same material thickness in conven- 
tional radiography. Shorter target-to-film distances are 
used also. 

The target, which is two or three times as large as the con- 
ventional target, reduces definition ; so does the use of shorter 
target-to-film distances. Higher voltage reduces contrast. 
An attempt to gain in definition by increasing target-to- 
film distance is accomplished by a loss in contrast, because 
tube voltage must be increased to hold the total radiation 
at the film constant. And, of course, the reverse is also true. 


is possible to take radiographs of exploding shells while the 
x-ray tube and film are protected by metal plates. Such 
radiographs are shovm in Fig. 27-21.^® 

In addition, high-speed mechanisms can be studied. The 
shell-ejecting mechanism of rifles has been studied in this 
way. The valve mechanism of high-speed compressors and 
motors could be so studied. 

This equipment has a timer so that the exposure can be 
made at any pre-selected time after the opening or closing 
of a circuit. Therefore, it is possible to take a radiograph of 
an object at any time in the cycle of movement. 

27-6 INDUSTRIAL FLUOROSCOPY 

If viewing and inspection with a fluoroscopic screen is 
compared with radiography, there is an obvious saving in 
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time, film cost, and processing equipment, but these advan- 
tages are offset by some disadvantages. In a radiograph, 
prolonging the exposure builds up sufficient x-ray energy to 
bring the film density to the desired level. Then, any amount 
of light necessiiry for viewing the image may be placed behind 
the film. In fluoroscopy, the screen brightness is a function 
only of instantaneous tube current and voltage. In other 
words, in radiography, energy can be stored over a long 
period of time; in fluoroscopic examination, screen brilliance 
depends only upon the power at that particular instant. 



Fig. 27*22 Dark adaptation of the eye as a whole. First ten minute.s 
is cone adaptation followed by rod adaptation. A indicates threshold at 
approximately 3 minutes after beginning dark adaptation. Increase of 
sensitivity is 10-fold, 100-fold, and 1000-fold respectively at points B, 
C, and D, (Reprinted with permission from W. E. Chamberlain, 
Radiology j Vol. 38, No. 4, p. 397, April 1942.) 

Exposure time is no longer a variable, for no energy is stored 
in the fluoroscopic screen. Limitations of the output of 
x-ray tubes make fluoroscopic images relatively dim. 

On the retina of the eye are two types of nerve endings. 
These are the recording medium for the light that reaches 
the retina. Each of these nerves carries an impulse to the 
brain, which incorporates all the impulses into a mass view 
at this point. These two types of nerve endings which per- 
form different functions are known as rods and cones. At 
high levels of illumination, the cones are the dominant 
recording medium, and the rods play a relatively unimpor- 
tant part. The cones are sensitive to slight differences in 
color or ^vavelength, and are the only nerve endings at the 
fovea or optical center of the eye. 

At all other points on the retina are rod nerve endings 
which are used for vision at very low levels of illumination. 
Since the rods occur at positions away from the optical cen- 


ter of the eye, they are poor at viewing details. Everyone 
knows that a faint star in the heavens cannot be seen if the 
observer looks directly at the point where it should appear. 
However, if the observer looks slightly to the right or the 
left, the star becomes visible, since the image of the star is 
thrown onto an area on the retina at which rod vision be- 
comes passible, and a small light intensity is picked up. 
These rods are not so sensitive to color or changes in light 
frequency but their acuity at low light levels is remarkable. 

If the eye is allowed to rest in complete darkness, the rods 
become much more sensitive to low light intensities; conse- 
quently, in fluoroscopic work, a period of eye adaptation 
usually is allowed. This period is approximately one-half 
hour during which the observer is in complete darkness. 
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Fig. 27*23 The change-over betwwn rod vision (low brightness levels) 
and cone vision (high bright ness levels) is indicated as though it oc- 
curred suddenly at 0.01 millilambert. The transition aetually takes 
place more gradually in the range between 0.0 1 and 0.1 millilambert. 
Even in the range between 1.0 and 0.1 millilambert where cone vision is 
operative, deterioration in visual acuity, and intensity discrimination 
with lowering of the brightness level becomes very noticeable. (Re- 
printed with permission from \V. K. Chamberlain, Radiology, Vol. 38, 
No. 4, p. 385, April 1942.) 


Figure 27*22 shows a curve given by Chamberlain showing 
the speed of dark adaptation of the eye. 

Figure 27*23*^ shows the light intensities over which various 
nerve endings on the retina are used in normal sight. Sliown 
in Fig. 27*24^^ is the visual acuity at various illumination 
levels. Visual acAiity is defined as the reciprocal of the angu- 
lar distance which must separate two contours so that they 
may be recognized as discrete, the unit of separation being 
1 minute of arc. At high levels of illumination the eye is a 
very sensitive device. However, at the low brightness levels 
as in fluoroscopy, the eye becomes a poor instrument, and 
separation of contours must be large before the eye can dis- 
criminate between them. As a result the image may con- 
tain a great deal of detail which would be discernible at high 
levels of illumination, but the eye would not be able to detect 
it at the low levels obtainable from a fluoroscopic screen. 
This difficulty seems to have no simple solution. It is not 
economical to build x-ray tubes and generators to raiso the 
brightness levels sufficiently to be of any value. 
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There are three ways to increase screen brightness: (1) an 
increase in voltage; (2) an increase in current; and (3) a de- 
crease in target-to-scrcen distance. Raising the voltage in- 
creases screen brightness and increases the sensitivity of the 
human eye. However, at the same time it decreases con- 
trast in the x-ray beam because of the smaller differential 
absorption of the beam generated at the higher voltage. 
Thus, a gain in one direction is neutralized by a loss in the 
other. 

Reducing target-to-screen distance increases screen bright- 
ness according to the inverse square law. However, when 
this is done, sensitivity is reduced because of the loss of defi- 
nition in the beam. In other words, the geometrical condi- 
tions change in order to decrease definition at the boundaiy 
of flaws or part contours. 

Increasing tube current, of course, involves no direct loss 
of sensitivity, but several conditions limit the gain possible. 
Practical considerations limit the possible increases in tube 
current to factors of 2 or 3. This increase in tube current 
docs not mean that visual acuity is increased by the same 
factor, as Fig. 27-24 shows clearly. A short portion of the 
curve may be considered to be a straight line. To double 
visual acuity from 0.6 to 1.2, screen brightness must be in- 
creased by a factor greater than 10, which is a practical im- 
possibility at present. 

Another complication is that an observer must be pro- 
tected from the radiation. The usual method is to place 
lead glass, which is relatively opaque to x-radiation and rela- 
tively transparent to visible light, behind the fluorescent 
screen. Lead glass contains lead salts in solution. Its use 
introduces some loss, the chief loss being due to reflection of 
light at its surfaces. 

Alternatively a mirror can be mounted so that it reflects 
the visible image at an angle to the direct x-ray beam. With 
this arrangement the observer can be protected with a thin- 
ner lead glass because he is no longer in the direct beam but 
is e.xposed only to scattered or secondary radiation. How- 
ever, the observer is then necessarily at an effe(!tively large 
distance from the fluoroscopic; screen. The observer tends 
to vievr the screen at a distance of 6 to 10 inches, but he 
•cannot if mirror viewing is used, and a net loss in sensitivity 
is the result. 

In the voltage range from 30 to 300 kilovolts, observers 
have obtained sensitivities from 5 to 25 percent. Maximum 
^iensitivity has been obtained only under ideal conditions 
and cannot be considered obtainable under average circum- 
stances. 

In many industries this range of sensitivity is acceptable. 
Consider a plastics manufacturer who wishes to use metallic 
inserts in liis products. Relative x-ray opacities of the two 
materials are so far apart that a sensitivity from 15 to 20 
percent is acceptable. 

There is a second factor which limits the sensitivity of 
fluoroscopic equipment. In radiography, by proper choice 
of the x-ray film a light image can be produced with greater 
contrast than that of the original beam. So far, it has not 
been possible to produce fluoroscopic screens which have as 
high a contrast, if the term may be used loosely, as x-ray 
film. The screen maker must produce as high a light inten- 
sity as possible, which normally means a reduction in possible 


contrast, an increase in the screen^s grain size, and a net loss 
in sensitivity. Economically it is not feasible to produce 
x-ray equipment with sufficiently high currents through the 
x-ray tube to enable the screen manufacturer to compromise 
with the requirement for high brightness levels. 

One advantage of the fluoroscopic technique must not be 
overlooked. If the operator is allowed to move the piece as 
he views it, he has the equivalent of an infinite number of 
radiographs. If, for example, the object is to locate a crack 
in a part, it is almost impossible either by radiography or 



Fig. 27-24 The relationship of visual acuity to illumination. Visual 
acuity is defined as the reciprocal of the ani^ular distance which must 
separate two contours in order that they may be recognized a.s discrete, 
the unit of separation being 1 minute of arc. This graph is after Hecht.^* 
Point A indicates the approximate boundary between rod vision 
(low intensity) and cone vision (high intensity) but is open to question 
becau.se the change-over does not occur suddenly. (Reprinted with 
permission from W. E. Chamberlain, Radiology^ Vol. 38, No. 4, p. 405, 
April 1942.) 

fluoroscopy to detect this crack as long as the x-ray beam is 
directed perpendicularly to the plane of the crack. How- 
ever, if the part can be rotated so that the x-ray beam is 
directed at the crack longitudinally, the sensitivity for this 
particular view need not be extremely good to detect the 
flaw. It is unlikely that with one radiograph the crack would 
be so oriented as to be visible; with fluoroscopic examination 
the observer is almost certain to locate the defect if the part 
is moved about, 

27-6 INDUSTRIAL PHOTOFLUOROGRAPHY 

For many applications sensitivity as great as that given 
by radiogmphy is not required, but the sensitivity of fluoros- 
copy is not sufficiently good. In this range a relatively new 
technique can be applied. It may be considered as an inter- 
mediate point between radiographic and fluoroscopic exami- 
nation. 
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The new technique is photofluorography. It requires all 
the essential components of a fluoroscopic unit, except that 
the light image on the fluorescent screen is then photographed 
and the image is produced on a small film. In reducing the 
image to a small size, some sensitivity is lost even though 
the film is magnified for \iewing. 

Essential components of this system are an x-ray tube, a 
lead diaphragm for confining the beam to the prescribed 
area, a viewing field for the parts to be examined, a fluores- 
cent screen, a lead-glass back (which prevents transmittal 
of x-radiation to the photographic film but passes light rays), 
and the lens system and camera to reproduce the fluorescent 
image on the small film. Figure 27*25 illustrates a unit of 
tliis type. Roll film can be used in the camera, and the film 



Fig. 27 *25 Photograph showing an industrial photofluorographic unit. 


can be automatically advanced one frame at the time the 
exposure is terminated. Thus an unexposed film is in place, 
ready for each exposure. 

The unit has some of the advantages of radiography be- 
cause the intensity of the image can be built up by prolonged 
exposure time. The resultant image may then be magnified 
and a sufficiently intense light source placed behind it so 
that viewing may be at a reasonable intensity level. In 
addition, a permanent record is obtained. 

Obviously, the factors controlling quality of the image are 
similar to those in radiography or fluoroscopy, plus the addi- 
tional factors of lens aberrations and the grain size of the 
recording film. Grain size of the film becomes important 
because of the reduction of the image and its magnification 
when viewed. Exposure times are necessarily longer than 
those used for direct radiography because of the less efficient 
fluoroscopic screen and the lens system. An exposure which 
would take approximately 1 minute for radiography would 
require lH minutes with this type of equipment. Sensitivity 
is from 3 to 7 percent. 

If a large quantity of work is to be done, the economy of 
this equipment, 'in many cases, justifies the decrease in sensi- 
tivity. It may be possible to take several views of a part 
and still have a more economical examination than with full- 
sized radiographs. Added to this is the additional ease of 
film handling. Systems have been worked out for processing 


large rolls of film quickly and easily, whereas processing indi- 
vidual flat films is long, tedious, and costly. 

27-7 NON-VISUAL RECORDING 

So far, only two means of recording the x-ray pattern have 
been suggested, film and fluorescent screen. But some char- 
acteristics of the x-ray beam besides its ability to affect a 
photographic film or a metallic salt crystal can be used for 
recording intensities. 

Electrical Resistivity 

X-radiation affects the electrical resistivity of various mate- 
rials such as selenium. This change of resistivity can be cor- 
related with x-ray intensity to give a method of recording 
intensity that is useful if high sensitivities arc not required. 
For example, powder-filled blasting fuses must contain a 
continuous line of powder or the fuse fails. The x-ray inten- 
sity reaching the selenium cell is much different when the 
powder train is continuous and when the fuse contains no 
powder. 

Ionization 

X-radiation also has the power to ionize gases, and this 
process results in a current in that gas. The extent of ioniza- 
tion depends upon the x-ray intensity, and the degme of the 
ionization determines the current in the gas, since the num- 
ber of ions determines the quantity of charge which can be 
conducted. The ionization method of recording x-ray 
intensity is a process of measuring electrical current or a 
quantity of charge. This method is used as the basic stand- 
ard for the determination of x-ray intensity. 

If an electric field is applied to a gas which is subject to 
ionization by x-rays, positively charged ions travel to the 
negative plate, and negatively charged ions travel to the 
positive plate. If the potential applied to the plates is zero, 
there is no resultant curretit; the ions simply recombine in 
the gas. As the potential is increased, the current for the 
same amount of radiation gradually increases until finally 
at some potential no further increases give an increase in 
current. This current value is called the saturation current. 

The explanation for this characteristic is that at low poten- 
tials the ions tend to recombine. As potential is increased, 
the speed of the ions to the collecting plate is increased until 
finally at the potential causing saturation current there is 
no recombination, and all the ions produced travel to the 
collecting plates. If the potential is carried to an extreme 
the gas breaks down electrically and an arc is formed. 

More practical equipment to measure the ionization pro- 
duced by x-rays consists simply of a fine wire along the axis 
of a cylinder made of a good conductor of electricity. The 
interior of the cylinder is sealed at both ends and is filled 
with some gas, usually at atmospheric pressure. 

The usual procedure is to charge this cylinder to a high 
potential. The insulation between the axial wire and the 
conducting cylinder must have high leakage resistance, be- 
cause the capacitance in this cylinder is so small. The 
cylinder is then subjected to x-radiation, and the amount of 
charge which has leaked off through the ionized air is meas- 
ured by means of an electrometer. Some instruments actu- 
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ally measure the ionization current produced and give a con- 
tinuous reading. 

If the voltage is carried higher, the current again increases 
after a plateau at the saturation value until electrical break- 
down occurs between the two plates and an arc is formed. 
The explanation for this increase in current is that after a 
molecule is broken up into a heavy positively charged par- 
ticle and a negatively charged electron at low potential the 
electron travels toward the positive plate and finally collides 
with an atom to which it becomes permanently attached, 
forming a negatively charged ion. If the electrical potential 
is sufficiently high, however, the electron may have suffi- 
cient energy at the time of collision with the neutral atom to 
cause a second ionization. This is ionization by collision. 

Partial evacuation of the cylinder has two advantageous 
effects. First, the electrical potential reejuired to cause an 
arc discharge between the plates becomes higher; that is, 
the dielectric strength is greater for a high vacuum than for 
atmospheric pressure. Second, the mean free path of the 
electron becomes longer, and a lower voltage tetween the 
plates can cause ionization by collision. Also, proper choice 
of the gas in the cylinder gives higher ionization currents. 

Using this method, physicists have built equipment so 
sensitive that it can count single photons of x-ray energy. 
Both the proportional counter and the Geiger-Mueller 
counter can count this small energy level. The essential 
component of both these counters is a fine wire surrounded 
by a metallic cylinder Usually the assembly is enclosed in 
an evacuated glass envelope, and the amount and kind of 
residual gas is chosen with great care. 

In the proportional counter, ionization by collision occurs 
close to the central wire. If a single photon of energy ionizes 
one molecule of gas, one electron is accelerated toward the 
central wre which (tarries a positive potential; on the way 
it collides ^vith many particles. Not until this electron 
is close to the central wire is the electric field of sufficient 
intensity to accelerate the electron enough to cause ioniza- 
tion by collision. This single electron creates two, four, 
eight, and so on, causing a ‘‘Townsend avalanche.’’ Thus, 
a tremendous current is produced by a single original ioniza- 
tion. If the photon has enough energy to increase the orig- 
inal ionization by two or three times, the current from the 
more numerous avalanches is proportionally greater. There- 
fore, the current caused by any one pulse is proportional to 
the energy of the original ionizing radiation. As soon as all 
the ionized particles in the avalanche are collected by the 
central wire and the enclosing cylinder, the discharge is 
extinguished. 

If the potential on the central wire is increased, the vio- 
lence of electron impacts is increased until finally the energy 
produced by the impacts generates short-wave radiations 
which ionize the gas at other points and initiate other ava- 
lanches. The process then would continue indefinitely, 
except that the positive ions, being heavy, do not move 
rapidly, and they collect in a sheath or cloud around the 
central wire and eventually diminish the electric field until 
ionization by collision ceases. Current and the duration of 
the discharge in the Geiger-Mueller tube do not depend 
upon the strength of the original ionizing radiation. Once 
the process is started the characteristics of the discharge are 
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detei-mincd by the constniction of the tube itself and the 
potential applied. Over a wide range of voltage the value 
of current and its duration are independent even of voltage 
variation. 

Figure 27 *26 illustrates the operation of these two devices. 
The sloping straight-line portion of the curve is the operating 
range for the proportional counter, and the plateau is for the 
Geiger-Mueller counter. Obviously the Geiger-Mueller 
counter is relatively insensitive to voltage changes, but the 
proportional counter is sensitive to them. 

External circuits must be provided to record the number 
of pulses produced by these counters. Such circuits must 
be capable of counting pulses at the rate of thousands and 
even millions per second. However, the counting rate is not 
limited by external circuits but by the extinguishing time 



Fig. 27*26 Characteristics of a Geiger-Mueller tube. No absolute 
values of voltage or current are placed on the axes since they are very 
much a function of the tube design. 

for the countei*s. Fast counters with counting rates of tens 
of thousands per second have been produced, and propor- 
tional counters have been produced with even higher count- 
ing rates, because their extinguishing time is inherently 
much shorter than that of the Geiger-Mueller counter. 

Since production of x-radiation and its absorption in gas 
is a random process, many individual counts must be made 
to ascertain the intensity accurately. Headings averaged 
for a total of 10,000 counts give the intensity with a probable 
error of 1 percent. To work to a probable error of 0.1 per- 
cent, 1,000,000 counts must be made. 

If only one spot of predetermined location need be exam- 
ined, this method of recording is excellent. It has been used, 
for example, in the examination of hand grenades to detect 
“duds.” If there is no powder inside the hand-grenade 
shell, the difference in intensity between this grenade and 
others which are filled is detected by a Geiger-Mueller tube 
and the dud is rejected. It is possible also to scan an area 
with a small pencil of an x-ray beam, the intensity of which 
is recorded on a recording meter as the area is traversed. 
Fluctuations in the recording current trace the variation in 
density or thickness of the material. Scanning requires the 
highest counting rates, particularly if the flaws to be de- 
tected are small. The x-ray spot used to scan the area must 
have about the same dimensions as the flaw to be recorded. 
For large areas and small flaws the counting rate must be 
tremendous to make the inspection time of reasonable 
duration. 

This means of recording is attractive because it can elimi- 
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nate the use of the human eye as a recording medium. An 
entire inspection operation can be made mechanical and 
automatic; (‘onsequently the only attention necessary is that 
of maintenance and repair. 

Multiplier Photocells 

Electronic tubes utilizing electron-multiplier sections im- 
mediately following a photo-emissive material give tre- 
mendous gains in output currents compared with those 
a\'ailable a few years ago. Tubes of this type have made 
it possible to work with extremely low light intensities and 
still prmluee reasonable current outputs. These electron- 
multiplier phototul)es can be used with fluorescent screens 
to indicate x-ray intensity. 

They are being used successfully at present for automatic 
control of exposure in medical radiography. For some uses 



Fig. 27 • 27 A modern photofluorographic unit for producing chest x-ray 
images on 70-millimeter film. At left is the x-ray tulx\ In the large end 
of the hood at right is a fluorescent screen which is photographed by the 
camera attached to the small end of the hood at extreme right. The 
small lx)X mounted on (he bottom of the hood cncompassi;s a multiplier- 
type phototube on which is focased by a lens system a |X)rtion of the 
light from the fluorescent screen. When the total amount of light 
received by the phototube reaches a value sufficient to produce a 
predetermined density on the film, the exposure is terminated by remov- 
ing voltage from the x-ray tul>e. 

this device may supersede the counters of both the propor- 
tional and Geiger-Mueller types, and may be used for many 
applications for which these counters are impractical. 

A phototube of this type always has an inherent insta- 
bility; first, because light striking a photosensitive surface 
causes the emission of electrons, which is an unpredictable 
and often erratic process. Second, this electron emission is 
followed by several stages of electron multiplication. The 
original electrons are accelerated by an electric field, and 
upon striking a sensitized surface they cause the emission of 
larger numbers of electrons. This also is an erratic process. 
Because one such tube uses nine stages of electron multipli- 
cation, the errors in it are raised to the ninth power. A drop 
of 2 percent in sensitivity of the electron emissive surfaces 
then reduces tube output by 17 percent. 

Several schemes might be used to stabilize this tube, and 
some are successful now. One successful system consists of 
a standard light source connected so that it is lighted on 
alternate half cycles of voltage. The fluorescent screen is 
lighted on the other half cycles. During the time the tube 
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is excited by the standard lamp its output is used to vary 
the accelerating voltage applied to the multiplier dynodes, 
and thus sensitivity is held constant. 

In medical photofluorographic work this tube is used to 
control the length of the x-ray exposure to produce constant 
density on the film. Figure 27*27 shows a unit witli this 
control. Since it is designed for the production of miniature 
films of the chest only, a portion of the light from a certain 
area of the fluorescent screen may be focused by a lens sys- 
tem on the phototube. This area of the screen always has 
the same part of the chest appearing on it. Then the current 
through the phototube charges a capacitor which fires a 



Fio. 27*28 Enlargement (10 X) of sound 24-ST Alclad spotweld, 
0.040 X 0.040 inch; radiographic tube; 20 kilovolts, 20 milliamperes; 
78 seconds, 24-inch distance. (Reprinted with permission from Scott, 
Sutton, and Widmyer, Welding J. {Ijondon)^ Research Supply Nov. 1944.) 

thyratron as a predetermined voltage is reached. The photo- 
tube holds the product of current and time constant. Since 
the current is proportional to light intensity on the fluores- 
cent screen the total light emitted by the screen during one 
exposure is held constant, and the exposure is terminated 
at the proper time. Variations of as much as 10 percent in 
exposure time are not visible in the final films; therefore 
extremely accurate stabilization is not necessary. With 
this timer many patients of all sizes can be examined rapidly 
without making changes in x-ray control settings. The 
timer automatically controls exposure time to produce con- 
stant density on the films regardless of patient size. 

27-8 MICRORADIOGRAPHY 

Improvements in spot-welding thin sheets of aluminum 
have enabled designers and producers of aircraft to substi- 
tute this quicker and neater method for riveted construction. 
X-ray equipment operating at 10 to 70 kilovolts is used to 
inspect these spot welds. 

The examination of spot welds in aluminum is one of 
many examples of a field which is being recognized as the 
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large field of microradiography. Many metals can be re- 
duced to thicknesses of 0.080 inch or less and examined by 
x-radiation. The image is produced on a film that can be 
enlarged and viewed so that the finest details of the struc- 
ture of the thin sheet of metal are visible. 

By this method the distribution of various component 
metals of an alloy can be determined. A piece of metal a 
few thousandths of an inch thick is placed in contact with 
fine-grain film. Over the top is placed a piece of lead foil 
with a central hole about 34 in<^h in diameter. Ordinarily 
the metal to be examined is in contact with the film, and the 
light-tight envelope is plained around the outside. The x-ray 
exposure produces a small spot image on the film, which 
may be magnified by viewing through a microscope. 

Because of the difference in absorption characteristics of 
the various metallic components of an alloy, the shadows in 
this small image clearly locate the component parts. It is 
possible to determine Avhether the various materials are in 
intimate mixture or whether there is some separation or 
segregation. 

This microradiograph accomplishes somewhat the same 
results as a photomicrograph. However, the microradio- 
graph shows the actual struc^ture of the metal through a 
layer of finite thickness instead of the surface condition 
shown by a photomicrograph. Also, a large part of the long 
and tedious polishing and etching process necessary for the 
photomicrographic technique is eliminated. 

It is also possible to filter the x-ray beam to obtain a mono- 
chromatic radiation of a previously chosen wavelength. 
Then, since the various metals have discontinuities in their 
characteristic absorption curves, the wavelength can be 
chosen in a range which gives a large difference in the absorp- 
tion characteristics of the various constituents of the alloy. 

This technique has bec^onie valuable in foundry control. 
Thin slices of defective parts of castings may be cut and 
examined by this method to give a more complete picture of 
the type and cause of the defects. 

27-9 EXAMINATION OF FINE STRUCTURES 

At the boundaries of light shadows cast by small obstacles, 
there arc variations in the intensity of the light caused by 
the interference effect. If light is reflected from a surface 
containing niled lines, vnth. the spacing between them about 
equal to the wavelength of the light, incident white light 
produces a pattern of reflection which looks like a series of 
small rainbows. This pattern results from interference 
between the wavelengths of the original white light. 

For years experimenters attempted to prove that x-radia- 
tion performed in the same way. None of these investiga- 
tors was successful, however, because none was able to pro- 
duce a diffraction grating with the ruled lines sufficiently 
close together. 

In 1912, Professor M. Laue of Munich suggested that a 
crystal might serve as a solid diffraction grating for testing 
x-radiation. The orderly rows and columns of atoms in a 
crystal perform the same task as an optical diffraction grat- 
ing, because the spacings between the atoms is roughly the 
same as the x-ray wavelength. The difference is that the 
x-ray diffraction grating is three-dimensional and the optical 
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grating is two dimensional. In 1913, Friedrich and Knipping 
successfully tested Laue’s theory and proved him to be 
correct. 

The original analysis by Laue was complex; however, the 
Braggs were able to reduce it to a rather simple law: 

7i\ = 2d sin 6 

where n = any integer 

X = wavelength of radiation 

d = distance between crystal planes 

$ = angle between crystal planes and radiation. 

Figure 27-29 illustrates the meaning of the Bragg law. 
The incident radiation is represented by line A at an angle d 



to the surface of the crystal. At points B and D the x-ray 
beam strikes successive atoms. Reffection from atom B 
can be represented by line E, and the reflection from atom 
D by line F. Line GIl is perpendicular to the path of the 
radiation E and F. If radiation at points G and // is to be in 
phase, line BG must be shorter than line BDII by one wave- 
length or an integral multiple of wavelengths. Line BDH 



Fig. 27-30 Symmetrical Laue photograph of an iron crystal. (Re- 
printed with permission from Applied X-Rays, by G. L. Clark, pub- 
lished by McGraw-Hill, 1032.) 

is longer than line BG by a length equal to 2d sin 0. There- 
fore, the condition that there shall be a reflected beam in 
the direction of these new lines is that the angle 6 shall be 
governed by this equation. 

If the angle between the crystal and the radiation is 
changed, there will be a number of points where reflection 
A\dll occur, corresponding to the angles at which the reflected 
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radiations arrive in pluiso. If a film is exposed to the reflected 
radiation several dark spots will be produced on it if a pencil 
of the x-niy beam is used. If the wavelength of the radia- 
tion is known, the distance between the atoms of the crystal 
can be computed from the spacing of these spots or, if the 
distance between the atoms of the crystal is known, the 
^\avelength of the radiation can be computed. 
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Many different tcchnicpies and types of equipment are 
used in various phases of this work. Table 27*3 gives in 
condensed form the salient points of the five most important 
techniques. 

In general, the equipment utilizes an x-ray tube with its 
anode at ground potential, so the anode can be water-cooled 
and intense x-ray beams can be generated. Either a thin 
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Tabi^e 27-3 Experimental Diffraction Methods* 


Method 

l.Hue 

Rrugg 

Rotating Crystal 
(Scliiebold-Polanyi) 

Powder 

(H ull-Dcby c-Schcr rcr) 

Monochromatic 

Pin Hole (Fiber) 

X-r»>' beam 

Polychromatic 

Monochromatic 

Monochromatic 

Monochromatic 

Monochromatic 

neam definition 

Pin hole 

SUt 

Pin hole usually: also w'edge 
wnth knife edge on crystal 
face 

Hull, slit; Debye-Sclierrer 
pin hole 

Pin hole 

Specimen 

Single crj’stal 

Single crystal or film of 
oriented molecules 

Single crystal 

Powder or random aggre- 
gate 

Any — fibers particularly 

Mounting 

Fixed according to definite 
crystal direction 

Oscillation; reflection from 
face nr transmission; suc- 
<*cssive settings of angle in 
ionization stM'ctrometer 

Rotated or oscillated over 
fixed angle around principal 
axis; mounting on goniome- 
ter head for proper ori- 
entation 

Fixed, in small tubes, 
threads, w'ires, ribbons, etc. 

Fixed with fiber axis ori- 
ented over pin hole and 
beam transmitted perpen- 
dicular 

Uaual registration 

Flat photograpliic film 

Flat or cylindrical film; 
ionization chamber 

Flat or cylindrical film with 
crystal at center 

Narrow film bent in arc 
w'ith specimen at center 

Flat film, perpendicular to 
beam 

Pattern 

Symmetrical spots each 
from different set of planes 
and particular value of d, 

X, e 

Line spectrum from single 
set of planes 

Diffraction spots living on 
layer lines, parallel hori- 
zontal with cylindrical film, 
and hyperbolas w’ith flat 
film 

T.ine spectruiti, each line 
corresponding to different 
sets of planes 

For random aggregate, con- 
centric rings or diagram 
3ti0 degrees in azimuth; for 
fibers, layer line pattern 
like rotating single crystal 

Interpretation 

Calculation of spacings ac- 
cording to spots; assign- 
ment of indices with assist- 
ance of stereographic or 
gnomonic projections; esti- 
mation of relative inten- 
sities 

Calculation of spacings for 
set of planes involved in 
particular orientation (nX» 

2d sin 0) and thence from 
three experiments size of 
unit crystal cell; determina- 
tion of missing orders, etc., 
in aiding structure factor 

Measurement of identity 
tM>riud from layer lines by 

I » nX/sin/un and exact 
size of unit cell; straight- 
forward indexing of diffrac- 
tion spots on layer line; 
comparison with space- 
group criteria 

Calculation of spacings for 
lines. In simpler cases 
assignment of indices from 
sin 20 data and unit-cell 
dimensions ; measurement 
of line breadths for particle 
size 

Same us fur powders. Iden- 
tity i>eriod along fiber axis 
from I «■ nX/ sin/in: ori- 
entation of planes in all 
fiber particles from posi- 
tions of interference max- 
ima on Debye-Scherrer 
rings 

Chief uses 

Symmetry, indici's, and in- 
tensities fur assignment 
of space-group. Practical 
determination of orienta- 
tion as of large grains with 
respect to surface of sheet 

Occasionally used to deter- 
mine or check lattice spac- 
ing; for all films of loug- 
chain carbon compounds 

Commonly used for deter- 
mining uniquely crystal 
structure and constitution 
where single crystals are 
available 

Used in the great majority 
of cases (single crystals un- 
available) for crystalline 
structiu-e, allotropy, quali- 
tative and quantitative 
analysis, purity, grain size 
from line breadths, etc. 

Same for powder or random 
aggregates; determination 
of actual state of any speci- 
men, such os degree of 
fibering, internal strain, 
etc., and the effect of any 
process such as working or 
heat treatment; thus for 
the control of industrial 
processes and os a method 
of specification 

Modifications 

Unaymmetrieal patterns 


Special goniometeni (Weis- 
senberg, etc.) 

Bohlin-Westgren method 
has slit, flat sample, and 
film on same circumference 
permitting focus and rapid 
exposure by reducing ab- 
sorption of rays in speci- 
men to a minimum 

Cylindrical film with axis 
perpendicular to beam or 
coaxial with beam; reflec- 
tion from surface at fixed 
angle; back reflection 


Reprinted with permiaeion from Applied X-Rayn^ by G. L. Clark, published by^MoOraw-Hill, 1932. 


Study of diffraction effects on crystals has shown that 
almost every solid substance has some crystal character- 
istics. There are only a few fundamental types of these 
crystal building blocks. For any compound or element 
there is a characteristic arrangement of atoms which is like 
that of no other material. The variables are the number and 
placement of the atoms in the fundamental crystals, the 
interatomic distances, and the ciystal an^es. By studying 
the diffraction pattern of a material its composition can be 
analyzed exactly. Card files giving the diffraction patterns 
for thousands of materials have been made available for iise 
as standards in the identification of materials.* 


pencil or flat slit of beams is used. For some purposes the 
x-radiation as it comes from the tube can be used. Radia- 
tion coming from a tube covers a wide range of wavelengths 
and must be considered, by analogy with the visible spec- 
trum, to be polychromatic. For other purposes monochro- 
matic beams must be used, and they usually are produced 
by uring the proper target material for the tube and by 
placing filters in the x-ray beam. Every metal has a charac- 
teristic radiation which is more intense than the over-all or 
general radiation level. By selecting a tube target, the char- 
acteristic wavelength of which is the wavelength required 
for the analysis, the emergent x-ray beam has an intense 
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component of the desired frequency along with a general 
radiation and additional characteristic radiations of lower 
intensity. By selecting filter materials with absorption char- 
acteristics favoring the transmission of the desired charac- 
teristic wavelengths, nearly all the radiation except the one 
wavelength desired can be eliminated. 

It is also possible to detect the presence of residual strain 
in materials. Residual strain is necessarily accomplished 
by a sliifting of atomic planes inside the crystals. Diffrac.- 
tion patterns of strained material show a characteristic dif- 
ference from the normal dilTractiori pattern, and it is even 
possible to give an indication of the amount of strain. 

With special techniciues materials in powder form can be 
analyzed, even though large single crystals may not be ob- 
tained. In a powder many small crystals are arranged 
heterogeneously. If there is a preferred orientation of these 
crystals (if a majority are aligned in one direction) the diffrac- 
tion pattern may show it also. 

Preferred orientation is often important, since the charac- 
teristics of the material may depend upon the angle at which 
they are measured with respect to the direction of preferred 
crystal orientation. This fact is extremely valuable in 
studies of certain plastic materials. 

27-10 PHOTOCHEMISTRY 

Photochemistry is ordinarily outside the limits of the 
engineering field. It appeals to the theoretical physicist 
because it throws light on the interior atomic stnicture. 
However, for the engineer, only a general understanding of 
it is necessary. Physicists may say that the information in 
this section is not quite ac(;urate, but it is sufficiently accu- 
rate for engineering purposes. 

If an x-ray photon strikes an atom, the photon may l)c 
deflected and may change its direction without any effect on 
the energy content of either the photon or the atom. But if 
the atom absorbs the energy it causes extinction of the 
photon. The energy possessed by the photon may show up 
partially as heat generated within the atom itself. Another 
possibility is that one of the electrons close to the nucleus of 
the atom absorbs enough energy from the x-ray photon to 
escape the confines of the atom and become a free electron, 
leaving a space in the atomic structure which is filled by 
one of the electrons in the outer energy layer. As this elec- 
tron falls into the space previously vacated, two things 
happen: first, a quantum of radiation with a wavelength 
characteristic of the particular atom is emitted; second, the 
atom becomes a positively charged ion by having lost the 
charge of one electron, and can then enter readily into chem- 
ical reactions. 

27-11 MEDICAL X-RAYS 

By far the largest application of x-ray equipment is in the 
medical profession. In general the equipment can be divided 
into two groups, diagnostic and therapeutic. Diagnostic 
equipment is that type of equipment which enables the doc- 
tor to view the internal parts of the human body and locate 
points of trouble. As in the industrial field, there are three 
general classes of techniques: radiography, fluoroscopy, and 
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photofluorography . Radiotherapy is the treatment of human 
ailments with radiation. 

27-12 MEDICAL RADIOGRAPHY 

In medical radiography the object is to produce as clear a 
stationary view as possible of a part of the human body. 
Equipment must have a small focal spot, sufficient pene- 
trating power, and a sufficient quantity of radiation to 



Fig. 27*31 A modern medical diagnastic unit using a rotating anode 
tulie above the talkie for radiography and a st ationary anode tube inside 
the talkie for fluorosc^opy. The fluoroscopic! 8crc‘t!n is shown folded back 
out of the way leaving the unit set up for radiography. Table tilts to 
allow proper positioning of the patient. 

obtain a radiograph in a reasonably short time. Normally 
the voluntary and involuntary movement of body parts and 
organs must be considered in determining proper exposure 
time. This requirement has led to the development of equip- 
ment which generates a large quantity of radiation in a short 
time. As an example, the exposure for a chest radiograph 
must be of such short duration that the movement of the 
heart does not show on the finished radiograph. Exposures 
ranging from to }io second with tube currents of 200 to 
500 milliamperes and voltages from 40 to 100 kilovolts arc 
normal. 

Size of eiiuipment must be minimized and must even be 
reduced below that acceptable for industrial equipment. 
Location of the equipment in office buildings and hospitals 
usually requires that it be small and light in weight. Further- 
more, operation of the equipment by female technicians is 
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common, and the equipment must be simple and light for 
their use. 

In the most economical units, self-rectification is normally 
employed. In the moi*e expensive equipment, bridge rectifi- 
cation is used. The only purpose in using circuits more com- 
plicated than those with self-rectification is to subject the 
x-ray tube to higher loadings. In industrial work, tube load- 
ing is limited by the amount of heat that can be conducted 
away from the tubehead by some cooling medium. How- 
e\'cr, with the short exposures normally used with medical 
equipment, loading is limited by the rate at which heat can 
be transmitted from the surface back into the body of the 
anode structure. If this rate of heat transfer is not suffi- 
ciently fast, the target material at the focal spot melts. 



Fig. 27*32 A modern medical deep-therapy x-ray unit rated at 220 
kiiovolt.s constant potential. 

In a self-rectified circuit the x-ray tube is never operated 
with the anode at greater than incandescent heat, and prac- 
tically must never be allowed to approach this heat. As soon 
as the anode becomes incandescent it is a source of elec- 
trons, and the tube conducts a stream of electrons from the 
anode to the cath(xle structure and destroys itself. With a 
half-wave rectified circuit using one or two high-voltage 
rectifier tubes in series with the x-ray tube, the x-ray tube 
can be operated to the point at which the target reaches its 
melting point. 

There is still further advantage in using a full-w^ave bridge- 
rectifier circuit. The x-ray output is a function of the aver- 
age current through it. For the same average current, the 
peak current for a half-wave circuit must be twice that for 
a full-wave circuit. Vor the same rate of heat conduction 
into the anode body, the surface temperature at the target 
is higher at the current's peak for half-wave circuits than 
for full-wave circuits. 

As an example of the performance that can be expected 
from an x-ray tube in the three types gf circuits, consider the 
possible loading on an x-ray tube in a self-rectified circuit 
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to be 100. Then the load the same tube can carry in a half- 
wave rectified circuit is about 200. The same tube operating 
in a fulMvave rectified cinaiit can be loaded to about 260. 

Short time exposures make possible the use of two devices 
rarely used in industrial radiography. The first is the rotat- 
ing-anodc x-ray tube. This tube is so designed that the 
electrons focus on the beveled edge of a large anode, several 
inches in diameter, which is rotated at high speed while an 
exposure is made. The tube can carry more load because 
the rotation of the anode spreads the generated heat over a 
large area. 

The second device is the Bucky grid, or diaphragm, dis- 
cussed in Sections 27*3 and 27*4. Because of the short 
exposure times, it is relatively simple to produce linear 
motion in one direction over the entire period of the exposure, 
and a marked improvement in the resulting radiographs is 
made possible. 

27- 13 MEDICAL FLUOROSCOPY 

In fluoroscopy, moving or movable parts of the body that 
would otherwise be invisible, are studied. Fluoroscopic 
techniques arc not as sensitive as those obtainable with 
radiography for the reasons outlined in the discussion of 
industrial fluoroscopy. It is valuable, though, because or- 
ganic defects observable only during the movement of body 
organs can be seen, or internal changes can be observed 
during an induced movement of body parts or medical 
instniments otherwise invisible when in position. Fre- 
quently, radiopaque liquids are introduced into bcnly cavities 
to outline contours otherwise in\dsible. 

As a general nile, the same equipment is u.sed as for radiog- 
raphy. The foregoing discussion of permissible x-ray-tube 
loatKng does not apply since the exposures for fluoroscopic 
W’ork must be relatively long. Therefore, the requirements 
of the equipment for fluoroscopy are dilTerent from those of 
radiography, but it is usually economical to use one set of 
generating equipment which satisfies })oth requirements. 

Limited patient tolerance to x-ray dosage requires a radi- 
ologist to work with low x-ray-tube currents and, conse- 
quently, fluoroscopic screen brightnesses low^r than those 
obtainable in industrial work. The radiologist is careful 
that the patient is not given an excessive x-ray dose; he 
uses his x-ray equipment to cover as small a field as possible 
and keeps fluoroscopic exposures as short as possible. 

27-14 MEDICAL PHOTOFLUOROGRAPHY 

By routine x-ray examination, tuberculosis is detected 
early in its development while the disease may still be posi- 
tively cured. The production of full-sized radiographs in 
the larger quantities needed for mass examination of this 
sort was prohibitively expensive until the photofluorographic 
type of equipment, discussed in Section 27 ‘6, was adopted. 
With this equipment many people can be examined at a 
fraction of the cost and time required for full-sized radio- 
graphs. By photofluorography the suspicious cases can be 
detected, and the patients can return for full-sized radio- 
graphs and subsequent diagnosis. 


Industrial X^Ray Applicaiions 
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2716 THERAPY 

The radiologist utilizes the fact that some abnormal 
growths are more sensitive to radiation than are normal 
tissues. For example, an equal quantity of radiation al> 
sorbed by a cancer growth and by normal tissue will eventu- 
ally kill the cancer tissue, but the noimal tissue will recover. 
Even various normal body tissues react differently to radia- 
tion. 

The quality of the x-ray beam, as determined by tube 
voltage, is manipulated to concentrate as much of the energy 
as possible at the part of the body to be treated. For pene- 
trating deep into the body tissues a high voltage is used, and 
for surface disorders a low voltage is needed. The patient is 
irradiated from many angles; the point to be treated is always 
concentrated on, but the patient is moved between treat- 
ments so that the radiation enters the body through dif- 
ferent areas on the skin, and therefore the skin dose is kept 
as low as possible. 

27 16 RADIOGENETICS 

One of the first things the layman learns about x-radiation 
is that it has the power of producing sterility in humans, 
both male and female. This knowledge has caused some 
unnecessary fear, although great care should be exercised in 
this respect. Standards for protection have been set up which 
should be followed': 

X-radiation affects the genes and chromosomes and changes 
their stnicture to produce mutations in the resultant off- 
spring. Extensive experiments in radiogenetics have been 
carried on with insects and various other rapidly reproducing 
forms of life. Mutations have been produced, and have been 
inherited by subsequent generations from the time of irradia- 
tion. As far as is known, no effect of this nature has been 
observed in human beings. 
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ELECTROSTATIC PRECIPITATION 

E. H. R. Pegg 


E lectrostatic precipitation had its beginning in 
1824 when Hohlfield observed that a corona dis- 
charge had a cleaning effect on dust-laden gases. 
Years later Sir Oliver Lodge and, later still, Dr. Cottrell de- 
veloped it into a practical form and made successful installa- 
tions for the precipitation of smelter fumes and other indus- 
trial dusts. It has been recognized for many years as the 
outstanding method of removing very fine solid or liquid 
particles from gases. This form of precipitator is limited in 
its uses, however, because its corona discharge generates so 
much ozone and oxides of nitrogen that the cleaned air is 
unsafe for human consumption. This result is due largely 
to the use of high direct potentials of 30,000 to 100,000 volts 
and high currents. 

In 1936 Penney^ announced the development of a new 
type of precipitator which was smaller, required less voltage 
and power, and generated so little ozone that air cleaned by 
it could be used for ventilation. Such a device, marketed 
under the trade name Precipitron, made possible some 
applications of electrostatic precipitation that were not pre- 
viously practical, such as in the air-conditioning or ventila- 
tion systems of conunercial and public buildings. 

28 1 ANALYSIS OF ELECTROSTATIC 
PRECIPITATION 

Fundamentally the process of electrostatic precipitation 
consists in first charging a dust particle and then separating 
it from a gas or air by means of its charge. 

Four different things happen when air is passed through a 
precipitator: 


particle, a force QE will be acting to pull the particle toward 
the electrode of opposite polarity. The drift of the particle 
through the gas toward the electrode is opposed by viscous 
resistance of the gas. The velocity of drift, therefore, is 



OTT/ir 

where Vd = velocity of drift in centimeters per second 
Q = charge on the parj-icle in electrostatic units 
E = electrostatic field strength in statvolts per centi- 
meter 

M — viscosity of the gas 
r = radius of the particle in centimeters. 

The drift velocity, therefore, is proportional to both the 
charge on the particle and the strength of the field. 

Now consider a uniform electrostatic field between two 
oppositely charged electrodes of length I and spacing d, 
through which gas is flowing at a velocity Vg (see Fig. 28*1). 


THEORETICAL FWTH OF PARTiaE 



Fig. 28*1 The action of a charged dust particle in a uniform electro- 
static field. (Reprinted with permission from G. W. Penney, Elec. Eng.^ 

Jan. 1937.) 

If a charged particle enters the field near the electrode of the 
same polarity, the time required to travel the distance I is 


1. The air is ionized. 

2. The ions are caused to attach themselves to dust parti- 
cles; thus they leave an accumulation of charge on each 
particle. 

3. The charged particle is acted upon by the electrostatic 
field which carries it toward the electrode of opposite polarity. 

4. Ozone and oxides of nitrogen are generated. 

Separation of Particles from the Air 

For reasons which will be apparent later let us skip over 
for a moment the charging of the particles and consider the 
separation of charged particles from the air. The motion of 
charged dust particles ifi an electric fi&ld can be calculated 
from Stokes’s law. If we assume any given charge Q on the 


- (28*2) 

and the time required to travel the distance d is 

d 

(28*3) 

Vd 

In order that the particle shall not escape the field before it 
is deposited on the electrode, the time id must be equal to or 
less than ti. Equating, 

d I 

“ — (28*4) 

Vd Vg 
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Analysis of Elecirostatic Precipitation 


To secure maximum capacity at lowest cost, Vg should be 
as large as possible and I as small as possible. Therefore, the 
velocity of drift Vd should be as high as possible. Since we 
have seen in equation 28*1 that va is proportional to the 
charge on the particle, it is important that this charge be 
high. Let us therefore go back and see how to obtain this 
charge. 

Charging the Particle 

There are two distinct methods by which a particle may 
acquire a charge: first, charging by an electrostatic field; 
and, second, charging by the molecular or heat motion of the 
ions or electrons. 

Field Charging. When a high local electrostatic field is 
produced by impressing a high voltage on a fine wire, the 
voltage gradient near the wire is sufficient to produce ioniza- 
tion by collision and a self-maintaining discharge. In air 
the electrons quickly combine with air molecules to form 
negative ions; therefore, independent of the polarity of the 
wire, a unipolar ion stream results. If the wire is positive, 
the negative ions generated in the discharge are attracted 
back to the wire; the positive ions follow the lines of electro- 
static force and stream toward the opposite or negative 
electrode. 

Dust particles usually have a dielectric constant greater 
than 1 and distort the field (sec Fig. 28 *2), tending to con- 
centrate the flux tlirough the particle. The ions, then, fol- 
lowing the lines of flux, are driven toward the particle, to 
which some of the ions attach themselves and cause the 
particle to become charged. Any (charge on the particle 
exerts a repulsive force tending to repel ions. Therefore, 
as the charge accumulates, the lines of force are deflected 
away from the particle as in Fig. 28-2(6). When this 
repulsive force is great enough to cancel the effect of the 
main electrostatic field and dcflec^t all the lines of force away 
from the particle, no more ions can be brought to the particle 
by the field, and the particle then has maximum charge. 
This can be expressed by the equation 

where n = number of charges on the particle 
E = electrostatic field strength 
e = dielectric constant of the particle 
r = radius of particle (assumed spherical) 
e = electronic charge. 

Thus, for field charging, the maximum charge on a particle 
varies with the field strength E. Since it is important that 
the charge on the particle be high, it is desirable to maintain 
the field strength E in the ionizer as high as possible. 

Charging by Molecular or Heat Motion. In the field- 
charging method, the ions drift along the lines of force with a 
velocity equal to the product of their ion mobility and the 
field strength. The ion mobility in air is about 1.6 centi- 
meters per second per volt per centimeter for positive ions. 
Thus, for a field strength of E = 1500 volts per centimeter, 
their velocity is about 2400 centimeters per second. This is 
only their drift velocity, not their actual velocity. 

In addition to the drift velocity the ions move about at 


high velocity in random directions like gas molecules. This 
velocity for air at room temperature is about 10,000 centi- 
meters per second. If there arc N ions per cubic centimeter 
surrounding a dust particle, there will be a number of colli- 
sions of the ions with the particle, and some of the ions will 
diffuse to the particle, causing it to become charged. The 
greater the value of N is, the greater the number of collisions 
per unit of time and the greater the charge on the particle. 
I'he effect of this heat-motion charging becomes increasingly 
important as the particle size decreases. The mathematical 



(a) (b) 

Fig. 28-2 Electrostatic field distorted by dust particle. 


theory is too long to include here,®'^ ** but Table 28*1 show s 
a few’ values of n obtained by this theory as compared with 
that given by equation 28-6. ''Fhc particle tends to take 
the maximum number of charges, and it will be observed 
that, for very small partiedes of less than a micron, the 
charge due to heat motion is much greater. 


Table 28-1 Theoretical Maximum Charge on a Dust Particle 


Radius of 



Maximum 
Charge due 
to Field 

Maximum 
Charge j^luc 

Particle 

Diameter 

Dielectric 

i Eq. 28*0, 

to Heat 

(ccntina^tcrs) 

(microns) 

Constant 

E = 5) 

Motion 

O.OOl 

20 

1 

10,500 


0.001 

20 

4 

21,000 

2100 

0.001 

20 

00 

31,500 


0.0001 

2 

1 

105 


0.0001 

2 

4 

210 

207 

0.0001 

2 

00 

315 


0.00001 

0.2 

1 

1 


0.00001 

0.2 

4 

2 

19 

0.00001 

0.2 

00 

3 



For large particles affected mainly by field charging, then, 
it is necessary to maintain the field strength as high as pos- 
sible. For very small particles w’hich depend mainly upon 
heat-motion charging, it is necessary to maintain a large 
value of N, The value of N is directly proportional to the 
current discharge per unit length of the electrode or wire. 
Furthermore, the current discharge per unit of wire is in- 
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versely proportional to the wire diameter for a given voltage 
and electrode spacing. Therefore, the finer the wire is, the 
greater the value of N and the greater the efficiency of pre- 
cipitating small particles. 

There are some practical limitations of wire size and cur- 
rent discharge. High currents from small wires tend to cause 
>> ii*e failures. Also, the generation of ozone in the glow dis- 
charge is linear with the discharge current as shown in Fig. 
28*3. This figure also shows that for a given set of elec- 
trodes the rate of generation of ozone for negative ionization 



Fio. 28*3 Curves showini; relation of ozone generation to ionizing 

current. 


is about eight times that for positive ionization. For this 
reason positive ionization is used in the Precipitron even 
though negative ionization gives slightly better efficiency at 
the same voltage. 

28-2 TWO-STAGE PRECIPITATOR 

In the conventional precipitator the charging of the par- 
ticles and their separation from the gas take place in one 
chamber with a discharging electrode throughout the length 
of travel of the gas (see Fig. 28-4). This method has been 
used for many years, and it still has a wide application in the 
precipitation of industrial dusts of high concentration. 

In the two-stage precipitator the chaTging of the particles 
and their separation from the gas are accomplished in two 


separate chambers (see Fig. 28-6). This arrangement of 
separate ionization and parallel dust-collecting plates was 
proposed years ago. However, the combination which pro- 
duces only a small amount of ozone was not discovered until 
1933; therefore the use of this construction to obtain a more 



compact and efficient precipitator for the removal of low con- 
centrations of dust with a low generation of ozone and oxides 
of nitrogen is a relatively recent development. The charging 
unit is commonly called the ionizing unit, and the collecting 
plate assembly is commonly called a collector cell. 

To limit the amount of ozone generated, it is essential 
that the air be exposed to ionization for a short time only. 
This is difficult to do in an ionizer such as that shown in 
Fig. 28*4, where the air flow is parallel to the wire. The 
shortest possible exposure, however, is obtained when the 
air flow is perpendicular to the ionizing wire, as in Fig. 28-5. 



Fio. 28*5 Two-stage precipitator with parallel-plate collector. 


A typical ionizing unit is shown in Fig. 28 • 6, where the high- 
voltage electrodes, or ionizing wires, are suspended between 
grounded tubular electrodes. For this type of ionizing unit, 
all other factors being constant, the ozone production is 
approximately proportional to the logarithm of the wire 
diameter. Therefore, from the ozone standpoint, the wire 
should be as small as possible within the limitations of 
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mechanical strength and resistance to corrosion. With this 
as a starting point, the other design factors, such as spacing 
from the ionizing wire to the grounded electrode, diameter of 
the grounded electrode, voltage on the ionizing wire, and the 



Fio. 28*6 Typical ionizing iinii, for two-stage precipitator. 


velocity of air, must- be selected from experimental data to 
charge the dust particles adecpiately and to keep the ozone 
generation at a harmless level. The ionizing unit shown in 
Fig. 28-6 employs wire of 0.0073-inch diameter, 1 34-inch 
wire-to-ground spacing, and 13,000 volts d-c potential on 
the ionizing wire. With this arrangement and an air velocity 
of 300 feet per minute, the particles are charged almost to a 
maximum, and the ozone concentration is in the order of 
0.002 part per million of air. 



Fig. 28*7 Parallel-plate- type collector cell for two-stage precipitator. 


The collector cell to go with this ionizing unit, and de- 
signed according to the principles of equations 28-1 to 28-5 
inclusive, is shown in Fig. 28-7. This cell employs 6000 
volts d-c potential on the charged plates, a spacing of i^ch 


between plates of opposite polarity, and an effective plate 
length of 9 inches. 

The power pack to supply 13,000 volts to the ionizers and 
6000 volts to the collector cells has certain inherent design 
requirements. The d-c output must have less than 10 per- 
cent ripple, and must be approximately constant over a 
rather wide load range. It should be self-protecting against 
secondary short circuits. It must withstand instantaneous 
secondary short circuits, such as flashovers in the ionizer or 
cell without service interniption, but it should inteirupt 
the service on a sustained secondary short circuit. It must 
have an indicating or alarm system for the indication of tul 3 e 
failure, short circuits, and normal conditions. It must be 
free from radio interference. 


13000 V 


6000 V 


IS 


HZZH 

R* 


O. 

I 

< 


L r~i 

:J im 


'-^1 1.I.I. I 



Fig. 28*8 Circuit diagram of power pack for the supply of d-c to two- 
stage precipitator. 


The power pack employs a modified voltage-doubling 
circuit with tw o kenotron rectifiers, a high-reactance core- 
type transformer with magnetic shunt, and a two-section 
capacitor with built-in discharge resistors. The complete 
circuit of a typical power pack, including an indicating sys- 
tem, is shown in Fig. 28-8. Secondary load adjustment is 
obtained by means of primary transformer taps. Short 
circuits arc indicated by a glow’ lamp energized by a current- 
to-voltage transformer in series w ith the transformer primary. 
For normal operation the lamp is not lighted, but on short 
circuit the voltage rises beyond the breakdown voltage and 
lights the lamp. Open circuits are indicated by a glow* lamp 
energized by a tcrtiaiy w inding on the same leg of the trans- 
former as the secondary. For normal operation the lamp is 
not lighted, but on open circuit the tertiary voltage rises and 
lights the glow lamp. A thermal breaker in the primary 
provides protection against sustained short circuits, but has 
sufficient time lag to prevent service interruption by an in- 
stantaneous flashover. A photograph of this typical power 
pack is shown in Fig. 28-9. 
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28-3 EFFICIENCY OF A TWO-STAGE 
PRECIPITATOR 

The equations derived on the basis of maximum charge 
indicate 100 percent efficiency up to a given critical velocity 
(equation 28*5) and a rapid decrease in efficiency above that 
velocity. For several rejisons this abnipt transition is not 
obtained in practice. Particles vary greatly in size. All 
particles of a given size do not obtain the same charge be- 
cause the dielectric constant varies, the field is not uniform 
over the ionizing region, and the shape of the particles varies. 
The equations governing the charging of small particles de- 
pend upon the probable movement of ions, and for small 
particles the number of ions is too small to give a uniform 
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ured rate. This property led to the development of the black- 
ness or discoloration test. In this test, samples of cleaned 
air and uncleaned air are drawn through filter papers at 
equal rates but for different lengths of time as required to 
obtain the same degree of discoloration on both filter papers. 
Thus the efficiency can be expressed in terms of the times 
retpiired to obtain two samples of equal discoloration: 


Percent efficiency 


-O-'f) 


100 


(28-7) 


where tu = time of uncleaned air sample 
tc = time of cleaned air sample. 

The efficiency by blackness test approximates that by the 
particle-count test, and can be measured with very simple 



Fig. 28 • 10 Curve showinjij; variation of cleaning efficiency with rate of 
air flow through the precipitator. (Reprinted with permission from 
G. W. Penney, Elec. Eng.^ Jan. 1937.) 


Fig. 28-9 Power pack for two-stage precipitator. 

result. Figure 28 • 10 shows a typical curve obtained by test 
under laboratory conditions. This curve shows that the 
efficiency of a given unit can be increased to almost any 
desired value by merely reducing the velocity of gas through 
the precipitator. 

The efficiency of a given unit varies widely with the method 
of test. Usually a \veight test, based on the weight of dust 
removed from the gas, gives a high efficiency, since the larger 
particles are efficiently removed and constitute a large por- 
tion of the weight. A particle-count test, based on the num- 
ber of particles, regardless of size, removed from the gas, 
gives a somewhat lower efficiency. With an air filter, for 
example, it is possible to obtain a weight efficiency of more 
than 95 percent, and yet a particle count test may show an 
efficiency of less than 20 percent. 

Initially the two-stage precipitator was used for removing 
the dust, mainly black smoke particles, from ventilating air. 
In this application the primary interest is the tendency of the 
air to blacken wallpaper, draperies, and merchandise. This 
characteristic can be measured by drawing the air to be 
tested through a piece of white cloth or filter paper at a meas- 


apparatus and in a short time compared with the compli- 
cated apparatus and long time required for a particle-count 
test. The efficiency curve of Fig. 28*10 was obtained by 
blackness tests on a precipitator operating on a mixture of 
smoke and air. A condition giving 95 percent efficiency 
based on this test would give well over 99 percent by the 
conventional weight test. Comparable efficiency can be 
obtained when the precipitator is operating on atmospheric 
air with no artificial dust added. 

28-4 APPLICATION OF THE PRECIPITRON AIR 
CLEANER 

As indicated in equation 28*5, the velocity of the gas Vg 
should be as large as possible for economic reasons. How- 
ever, there is a practical limit to Vg. Once the dust particle 
has been deposited on the electrode it gives up its charge, 
and there is no force holding it on the electrode except its 
own adhesion. The velocity, therefore, must not be high 
enough to overcome this adhesive force and blow the particle 
off the electrode. Sometimes this limitation can be over- 
come by adding an adhesive coating to the electrode surface. 
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For ordinary purposes the Precipitron is rated at 90 per- 
cent efficiency by discoloration test when operated at an air 
velocity of 300 feet per minute. At 375 feet per minute it is 
rated at 85 percent efficiency. 

At the 300-feet-per-minute rating the cell shown in Fig. 
28 • 7 will clean 1800 cubic feet of air per minute. 

For a given air-cleaning installation, the volume of air to 
be handled is first determined on the basis of ventilating and 
air-conditioning requirements. When this volume is estab- 
lished, it is divided by 1800 to determine the number of cells 
required. When this is determined the cells arc arranged to 


A,, 



Fio. 28 * 1 1 A Precipitriin installat ion showing the air-dischargc side of 
tiic collector plates. 

fit the space available. Figure 28-11 is a typical installation 
showing how the cells are stacked up like boxes and bolted 
together to form a unit. 

One feature of the Precipitron is that it has a very low 
resistance to air flow. Although this may be an advantage 
in some respects, it is a disadvantage in that it permits air 
to pass through too easily, and therefore is subjected to non- 
uniformity of velocity over the entire unit. For this reason, 
baffle plates are usually placed just ahead of the Precipitron 
to add the air resistance recpiired to obtain uniform velocity 
distribution. The baffles usually take the form of roller- 
hung doors, as shown on Fig. 28-12, which may be rolled 
aside for accessibility to the Precipitron. 

After a period of operation, usually several weeks, an 
accumulation of dirt is collected on the Precipitron and must 
be removed. Ordinarily, the dirt is removed by de-energizing 
the unit and washing off the accumulation with hot water. 
Drains in the floor or the bottom of the air duct carry the 
dirt and water into the sewer. 

In some large installations, as in the ventilating system 
of a steel-mill motor room, the ventilating system cannot 
be shut down long enough to clean the Precipitron manually. 


In such places the Precipitron is sectionalized into several 
small groups so that one section at a time may be taken out 
of service for cleaning. In addition, automatic cleaning 
equipment is employed to clean each of the groups auto- 
matically at the press of a pushbutton. Such an installation 
is shown in Fig. 28 -13. 



Fia. 2<S-12 Air-iniako side of a Precipitron iriMtallation with air- 
iiistribution baffles moved aside to sliow the ionizing units. 


The Precipitron has been applied as the air-cleaning com- 
ponent of air-conditioning and ventilating systems in numer- 
ous commercial establishments such as office buildings, 
department stores, and restaurants. In such places the 
savings in redecoration costs, decreased soilage of merchan- 
dise, and increased comfort conditions arc important. 

In many industrial plants where a high degree of precision 
is required, as in the manufacture of aircraft engines, ball 
and roller bearings, bombsights, and other optical instru- 
ments, this precipitator has contributed greatly to both the 
quality and the quantity of the product. The textile indus- 
try is one in particular in which very large benefits are de- 
rived from the use of the Precipitron. 

The cleaning of air for the ventilation of rotating electrical 
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machineiy and automatic switching equipment is another 
large field of application. Steel-mill motor rooms, synchro- 
nous condensers, and telephone exchanges, to name only a 
few, have all benefited from really clean air. 



Fic. 28*13 A large Prcoipitron installation with an automatic \va.sh»>r. 
The washer can be seen behind the column, in position to wa.sh cell 
group number 4. 


Domestic units will be available soon for application to a 
central home warm-air heating system (see Fig. 28*14). 
Rxperimental units are now in operation on railroad cars 
which will make it possible in the future for passengers to 
smoke in any seat without annoyance to non-smoking 
pas.sengers. New applications are constantly being suggested 
and explored as engineers become more aware of the con- 
tribution that olectrastatically cleaned air can make to the 
comfort of the individual and to the improvement of many 
industrial processes. 



Fia. 28*14 A domestic unit for application to warm-air heating sys- 
U‘ms. Unit has built-in washing system, which can Ik; cither manual or 
automatic, to dispu.se of the collected dirt. 
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E lectronic motor control represents one of the 
newest branches of industrial electronics. Although 
the first applications of electronic devices (tubes) to 
control the performance of an electric motor were made in 
1930, those early attempts were not too successful from the 
practical point of view, and did not go much beyond the 
laboratory stage. However, recent developments and im- 
provements in electronic motor-control systems have created 
an ever-increasing number of new practical possibilities, 
and have aroused considerable interest in industrial applica- 
tions of electronic controls. 

The term electronic motor control implies in its broader 
sense an electrical system consisting of an electric motor, 
combination of electronic elements (tubes), and a more or 
less complex network of control circuits. In recent years, 
however, the most significjant engineering progress has been 
achieved in the field of electronic control of d-c motors, and 
at the present time these d-c motor systems have a much 
greater importance and practical usefulness than any of the 
existing a-c motor systems. Consequently, this chapter will 
be devoted exclusively to electronic control of d-c motors. 

29-1 RECTIFIER DRIVES 

Electronic d-c motor controls operate on the principle of 
rectification; that is, a rectifier converter is always used to 
provide the direct voltages necessary to drive and properly 
control a d-c motor. Thus, the tenn rectifier drive or elec- 
tronic drive may be used to indicate that the motor is not 
only controlled electronically, but also that the power to it 
is supplied through electronic rectifying devices. 

D-c motors with shunt excitation arc particularly applic- 
able as driving means for different industrial applications 
because of the well-known fact that speed of such motors 
can be readily varied by proper control of voltages applied 
to the armature and field windings. 

It must be realized, however, that the advantage of speed- 
control characteristics of a d-c motor cannot be fully utilized 
unless an adjustable d-c voltage, to be applied to the armar 
ture, is available. On the one hand, the electric power 
available in about 90 percent of industrial establishments is 
of the a-c type, and cannot be used directly to drive a d-c 
motor. On the other hand, even if a d-c supply line were 
available, it would normally be of a constant-voltage type 


and, therefore, only field control by means of a rheostat could 
be accomplished. Speed control below the rated or ‘‘base” 
speed of the motor by means of a rheostat in the armature 
circuit is not acceptable in industrial applications on account 
of prohibitive losses, size and cost of the rheostat, and an 
excessively drooping speed-torque characteristic of the drive. 

Thus, in order to take full advantage of a d-c motor char- 
acteristic, it is necessary to provide an adjustable-output 
voltage converter which would convert the a-c line voltage 
into an adjustable d-c voltage which is applied to the motor. 
The general trend is to increase the efficiency and speed of 
various industrial operations. This trend usually requires 
the application of individual converters to each driving motor 
in order to provide independent control especially adapted 
to individual conditions. 

The very popular rotating converter consisting of an a-c 
motor driving a d-c generator, and known as the Ward- 
Lconard system, is one of the most widely used adjustable 
voltage supplies. 

The rectifier converter, combined with a complete elec- 
tronic control and regulating system, represents a new 
method of industrial control. Its prime advantage over 
the rotating type of converters is that only one rotating 
machine is used instead of the three, and often four, rotating 
machines, used in the other systems. In addition, the com- 
pactness of the electronic system, the flexibility for adapta- 
tion to various conditions, accuracy, and sensitivity are by 
no means of secondary importance. 

Rectifier drives can be divided into two general classes: 

1. Systems where the alternating voltage is varied either 
by means of a variable-ratio transformer, or by means of a 
saturable-core reactor, and then is rectified and applied to 
the armature of a d-c motor. Single-phase or polyphase 
rectifier systems may be used. The rectifying elements are 
either of the phanotron or rectigon-tube type or, sometimes, 
of the metallic type, such as copper oxide or selenium rec- 
tifiers. 

Although drives of this group may have some advantages 
such as simplicity and low form factor of the armature cur- 
rent, they do not possess all the advantages of accuracy and 
flexibility of the drives of the second group. 

2. Systems in which both rectification and control are per- 
formed electronically by means of controlled rectifier tubes 
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of the thyratron or ignitron type. These tubes handle the 
power and operate in conjunction with electronic control 
eircuits using high-vacuum tubes of the so-called radio- 
receiver type. 

This chapter will be mainly concerned with electronic 
systems of the second group since drives of that group have 
much greater flexibility and functional superiority. Their 
principle can be used not only for adjustable-speed systems, 
but also for controls in a virtually unlimited number of spe- 
cial applications requiring various automatic and regulating 
functions. 

The electronic tubes used in industrial electronic systems 
can be classified in the follomng manner: 

1. Mercury-vapor or inert-gas-filled, grid-controlled, hot- 
cathode rectifiers, commonly known as thyratrons. 

2. Mercury-pool-type rectifiers with ignitor-controlled 
firing, known as ignitrons. 

3. Mercury-vapor or inert-gas-filled, hot-cathode rectifier 
diodes, called phanotrons. 

4. High-vacuum, low-power control tubes such as diodes, 
triodes, and pentodes of the so-called radio type. 

Tubes of the first group are used as controlled power 
rectifiers for the armature and the field circuits of the motor. 
Ignitrons are used as controlled power rectifiers for the arma- 
ture of larger motors (above 25 horsepower). Phanotrons 
are important as low-cost field-circuit rectifiers where no 
field control is required. Tubes of the fourth group and their 
allied circuits provide the necessary control of power recti- 
fiers and in particular of those of the thyratron type. The 
principle of operation of electronic tubes of each of these 
groups has been described in Chapters 5 and 6. 


29-2 APPLICATION CHARACTERISTICS OF D-C 
SHUNT MOTORS 


In Section 29-1 the particular usefulness of operating 
characteristics of d-c shunt-wound motors in industry was 
specifically emphasized. The speed of a shunt-wound motor 
can be expressed by 


E -IR 
Ci<t> 


(29-1) 


where n = speed of motor 
E = armature voltage 
I = armature current 
R = resistance of armature circuit 
0 = operating magnetic flux 
Cl = coefficient of proportionality. 


It is apparent from equation 29*1 that the speed of the 
motor can be controlled either by varying the armature 
voltage E or the operating flux 4>, that is, by varying the 
field-excitation current of the motor. 

The torque developed by a shunt-wound motor is directly 
proportional to the product of armature current and oper- 
ating magnetic flux: 

(29-2) 


The power developed by the motor is directly proportional 
to the product of angular speed and torque: 

P = C^nT (29-3) 

Substituting the expression for the motor torque (equation 
29*2) in equation 2-93, we obtain the power developed by 
the motor as: 

P = C^nlit^ (29-4) 

or, considering equation 29*1, 

P « C^iE - IR)I (29-6) 

If the change in cooling conditions of the motor as well as 
the change in magnetic losses for different speeds is neglected, 
it may be assumed that the rated armature current (the 
armature current permissible from the point of view of motor- 
temperature rise) is the same for different speeds. 

By analyzing equations 29-2 and 29-5 one can easily 
determine the manner in which speed control through varia- 
tion of armature voltage and field excitation will affect the 
torque and the power which the motor is able to develop for 
a definite time without overheating. 

Thus, for the armature voltage control, where the flux ^ 
remains constant (neglecting armature reaction) and the 
speed of the motor varies in direct proportion to the voltage 
E (see equation 29-1), the available torque (equation 29-2) 
remains constant. The available power (equation 29*5) 
varies essentially in direct proportion to the armature volt- 
age or speed (equation 29*4). 

When the speed of the motor is controlled by means of 
the field excitation, that is, by means of varying the flux 
with the armature voltage remaining constant, the available 
torque will change in direct proportion to the flux and, con- 
sidering equation 29-1, the torque will vary in inverse pro- 
portion to the speed. The power which may be developed 
by the motor without overheating will remain constant, as 
equation 29 • 5 shows. 

The so-called application characteristics of a shunt-wound 
d-c motor are shown in Fig. 29*1. This figure represents. 



Fig. 29*1 Application characteristics of d>c shunt-wound motors. 


as functions of speed by armature and field control, the 
horsepower and torque which can be obtained from a motor 
without overheating it, as previously analyzed. The proper 
interpretation of Fig. 29*1 is very important from the point 
of view of satisfactory selection of motors and controls 
in general. The armature-control range is often called the 
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constant-torque range, and the field-control range the 
constant-horsepower range. Obviously, these terms refer 
to the torque or horsepower which can be developed by 
the motor at different speeds without overheating, and not 
to the torque or horsepower actually delivered by the motor. 
The latter will vary from application to application and will 
correspond to the requirements of the driven load. From a 
purely economical point of view, however, it is desirable to 
control the speed by armature voltage, for loads where 
torque remains more or less constant and independent of 
speed, and by field, where the torque required by the load 
changes approximately in inverse proportion to the speed, 
so that the required horsepower remains essentially constant. 

29-3 CONTROLLED RECTIFICATION 

Controlled rectification is one of the fundamental func- 
tions of any motor-control system whose operation is based 



ANODE SUPPLY 
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Fig. 29*2 Elementary circuit and principle of direct- voltage grid 
control of thyratron n?ctifiers. 


29-3 (a) explain the principle of control of the angle of 
ignition for the two respective circuits. 

In the circuit in Fig. 29*2 the control-grid voltage consists 
of an a-c and a d-c component. The a-c component is ob- 
tained from a conventional dephasing circuit comprising a 
transformer TS with a center-tap winding, a resistor /Z, and 
a capacitor C. The alternating voltage between points 3 
and 4, applied to the primaiy of the grid transformer, is 
permanently shifted in phase by about 90 degrees lag with 
respect to the anode-supply voltage, 1 and 2. The d-c com- 
ponent of grid voltage is introduced between the cathodes 
of rectifier tubes and the center tap of the secondary winding 
of the grid transformer T2, This d-c component is varied 
either manually or automatically in accordance with varia- 
tions of some other quantity. In that manner, the a-c grid 
voltage component, which is superimposed upon the varying 
d-c component, may be shifted in the vertical direction. 
Fig. 29*2 (a), so that it will intersect the critical grid voltage 
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Fig. 29-3 PUementary circuit and principle of phase-shift control of 
thyratron rectifiers. 


on the principle of controlled angle of ignition of rectifier 
tubes of the thyratron or ignitron type. By controlling the 
angle of ignition it is possible to vary the armature voltage 
or the field current in some regular manner so as to obtain 
the desired characteristics of the drive. 

Two basic circuits for controlled rectification are shown 
in Figs. 29*2 and 29 *3. They both represent a symmetrical 
two-phase, half-wave, controlled rectifier (sometimes called 
a single-phase, full-wave rectifier). Figures 29*2 (a) and 


of the thyratron at different points, and the angle of ignition 
corresponding to that point of intersection can thus be con- 
trolled, theoretically, from 0 to 180 degrees. It should be 
noted that the d-c control component of the grid voltage 
may assume negative as w^ell as positive values, that is, 
below or above the cathode potential (see also Section 29*5). 

In the circuit in Fig. 29-3 the control-grid voltage has no 
d-c component, and is obtained directly from the grid trans- 
former whose primary is connected to a dephasing circuit 
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consisting of a center-tapped transformer 73, resistor /?, 
ania satumble-core reactor SCR, The alternating voltage 
between points 3 and 4 is lagging in phase with respect to 
the anode-snpply voltage by a variable angle. This phase 
angle dcp)ends upon the value of inductance of the saturable- 
core reactor, and can be controlled by varying the value of 
inductance through control of d-c current which saturates 
the core of the reactor. Thus, in the circuit in Fig. 29-3 
the a-c grid voltage is shifted in the horizontal direction, 
parallel to the zero line, with respect to the anode-supply 
voltage and, in that manner, the angle of ignition of the 
armature rectifier tubes can be controlled manually or auto- 
matically by proper control of the d-c current in the satura- 
ble-core reactor. 

The control method represented by circuit shown in Fig. 
29-2 may be called “vertical'^ control of the angle of ignition 
of thyratrons, whereas the circuit in Fig. 29-3 represents 
the “horizontal” control. 

The rotating armature of a d-c motor represents, under 
stoady-state conditions, a circuit consisting of a resistance 
/?, an inductance L, and an electromotive force Eg generated 
in the armature winding and acting as a counter voltage. 




Fig. 29*4 Circuit of a three-phase thyratron rectifier for armature 
control, with equivalent load-circuit elements. 


should be fully understood before actual control circuits are 
discussed. Two cases of controlled rectification should be 
distinguished. The first one is the case of discontinuous 
load current where the current flowing in the load circuit, 
and supplied by a rectifier of a single-phase or a polyphase 
type, consists of discrete pulses with zero-current gaps be- 
tween them. Discontinuous conduction can be obtained in 
any rectifier, regardless of the number of phases or the load- 
circuit inductance, if the angle of ignition is sufficiently de- 
layed. The case of discontinuous conduction is of prime 
importance in electronic motor-control systems in general 
because the typical feature of these systems is a wide range 
of control of rectifier output voltages and, consequently, 
a wide range of control of the angle of ignition of rectifier 
tubes. Thus, the discontinuity of load current can always 
be encountered under certain operating conditions. From 
the theoretical point of view the case of discontinuous con- 
duction is of fundamental importance since the relations and 
concepts involved in this case can be extended directly to 
the case of contmuous conduction where the load current 
flows in a continuous manner and there are no zero-current 
gaps, although the a-c ripple of the current may be con- 
siderable. 

The conventional analysis of rectifier circuits found in 
most textbooks usually deals with continuous conduction 
only, and often simplifies the problem even further by 
assuming that the load current of a rectifier is a pure direct 
current without any a-c ripple. Such assumptions, of course, 
arc not acceptable in rec.'tifier-inotor systems where the case 
of discontinuous conduction is at least as common as the 
other one. 

Figure 29*5 represents the time functions of the anode- 
supply voltage and of the load current flowing in the arma- 
ture of a d-c motor. The graphs are referred to a single 
rectifying element and, consequently, a single current pulse 
is shown without reference to neighboring phases. In fact, 
for the case of discontinuous conduction the shape of the 
current pulse docs not depend upon the neighboring phases, 
nor upon the number of phases of the rectifier. In Fig. 
29 • 5, X represents the theoretical zero line of the sinusoidal 
anode-supply voltage. This voltage may be expressed as 

e = \/2Es sin x (29-6) 

where Eg = rms value of anode voltage 

X = wt — variable time angle referred to the center 
of the system of co-ordinates. 


which tends to oppose the flow of current resulting from an 
external voltage applied to the armature terminals. This 
generated electromotive force is proportional to the speed 
of the motor, under the assumption of a constant operating 
flux. An equivalent circuit of a three-phase rectifier motor- 
armature system is shown in Fig. 29*4 where the generated 
electromotive force of the motor is represented by a battery, 
generating a voltage Eg, and the armature-winding resist- 
ance and inductance are represented by a resistor R and a 
reactor L respectively. 

The principles and theory of controlled rectification are 
of fundamental importance in industrial control in general, 
and in motor control in particular. The relations involved 


Referring again to Fig. 29 • 5, Eq is the arc-voltage drop of 
the rectifying element. This voltage drop may be assumed 
to be constant and equal to 15 to 20 volts. The opposing 
electromotive force generated in the armature is represented 
by Eg, The control-grid voltage and the critical grid voltage 
are not shown in Fig. 29*5. It is readily seen that a portion 
of the positive half cycle of the anixie-supply voltage is 
used to overcome the sum of Eq + Eg ^ Ed, and that only 
the portion of the anode voltage rising above the line X" 
can produce any current flow in the armature circuit. Thus, 
the control-grid voltage and the critical grid voltage should 
be referred to the zero line X", in the manner shown in Figs. 
29-2 (a) and 29-3 (a). 
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Point iV, corresponding to the time angle t/, represents 
the point of ignition of the rectifying element, that is, the 
instant at which the rectifying element starts to conduct. 
The time angle x/ measured from the zero point 0 is called 
the angle of ignition of the rectifier. The time angle Xs 
corresponding to point 72, at which the rectifier stops con- 
ducting, is called the angle of extinction of the rectifier. 



Fig. 29*5 Voltage and current time functions of a rectifier-armature 
system with a single rectifying element. 


Thus, each rectifying element is conducting over the period 
Xf, — Xf, and since the over-all cytde of th(‘ ret^tifying system 
is equal to 27r/p, where p is the number of phases, it is appar- 
ent that the non-conduct ive period of the rectifier is equal 
to (2v/p) - {x, - Xf). 

If line X' is regarded as representing the potential of 
the negative terminal of the motor armature, the line 
MNPQRX'\ consisting partially of the zero line -Y" and 
partially of the portion of the a-c anode-supply voltage, will 
represent the potential of the aiTnature positive terminal, 
that is, the cathode potential of the rectifier (sec Fig. 29*4). 
In other words, the line MNPQHX'^ represents the time 
function of the voltage across the armature with respect to 
zero line X'. 

The equation of the current pulse in the load circuit dur- 
ing the conductive period of the rectifying element is a com- 
bination of a sinusoidal and an exponential function of the 
time angle x: ^ 


ViE. 

R 


jeos 6 sin (x — 6) — a 
+ [a - cos d sin (x/ - .j 


(29-7) 


where B = impedance angle of the load circuit: 

OtsL 

e = tan ^ — 

R 


(29-8) 


a 


voltage coefficient, which also may be called 
speed coefficient: 


V^E, 


(29-9) 


u) = 2wf = angular line frequency 
Eg = electromotive force generated in the armatuiS^ 

Ea = rms value of the anode-supply voltage 
L = inductance of the load circuit 
R = resistance of the load circuit 
= rectifier arc-voltage drop. 

The variable time angle x appearing as the independent 
variable in equation 29*7 is, of course, subject to limitation 

^ X ^ Xa (29- 10) 

since it follows from the definition of Xf and Xa that no cur- 
rent flows through the rectifying element for time angles 
outside the limits of expression 29 • 10. Graphs of equation 
29*7 for different values of parameters a and Xf are shown 
in Fig. 29-6. 

The voltage coefficient a has a particular significance. In 
the c‘ase of a rectifier-motor system, if the arc-voltage drop 
of the rectifier is neglected, and a constant operating flux in 
the motor is assumed, coefficient a will be directly propor- 
tional to the speed of the motor, as can be seen from equa- 
tion 29 *9. For that reason, a may be called the speed coeffi- 
cient of the rectifier-motor system. 

The fundamental relationship between the angle of igni- 
tion Xf and the angle of extinction Xa, for given values of 



Fig. 29-6 Graphs of armature-current pulses plotted from equation 

29-7. 


the speed coefficient a and the impedance angle of the arma- 
ture circuit By can be derived directly from equation 29-7 
since for 

X = Xa 

i = 0 

Thus, the relationship betw^een x/ and Xa is 
[a — cos B sin (x* — ^ 

= [a — cos B sin (x/ — ® (29-11) 

Equation 29-11 represents the angle of extinction Xa as 
an implicit function of the angle of ignition x/. The solution 
for Xa of equation 29 - 11 is represented by a family of graphs 
in Fig. 29-7, where graphs of x« = /(x/) are given for dif- 
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ferent values of the coefficient a and the impedance angle former voltage the value of coefficient a for a load 

The value of x, for given values of a and 6 can be ob- consisting of a resistance and inductance only, such as the 
tained from Fig. 29*7 directly by interpolation. The inter- field winding of a motor, is of the order of 0.03, and the 
polation can be combined with any of the possible methods assumption of a « 0 is justified in many such cases. 



Fio. 29*7 Graphs of the angle of extinction x. as a function of the angle of ignition x/, for different parameters a and cos plotted from 

equation 29*11. 


of gradual approximations, if a greater degree of accuracy 
is required. Puchlowski has described one method of gradual 
approximations.^ In the case where the load of the rectifier 
docs not contain any generative element, that is,^ Eg = 0, 
and if the arc drop is neglected {Eq — 0), then a = 0. The 
family of graphs for a — 0 is also sho^ in Fig. 29*7. Since 
Eo is always low with respect to the amplitude of trans- 


it can be easily understood that the angle of ignition x/ is 
subject to a very definite limitation: 

xi < Xf < X2 (29*12) 

where xi and X 2 denote particular border values of the angle 
of ignition, corresponding to the intersections of the zero 
line X" with the graph of the anode-supply voltage (Fig. 
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29 • 5)» The expressions for xi and X 2 can be readily obtained 
from the equation of the anode supply voltage (equation 
29 • 6) referred to the zero line X " : 

ea = sin x — {E^ + Eo) (29 • 13) 

for the condition : 

X = Xi 
fa = 0 

and 

Thus, we obtain 

xi = a, 0 ^ Xi S - (29*14) 

2 

X2 — TT — sin~^ a (29*15) 

The rectifier output voltage E^-c is defined as the average 
value of that portion of the transformer voltage which 
appears across the load during the eonductive period of the 
rectifier. Obviously, the averaging is to be extended over 
the entire cycle of rectification, that is, over the period 27r/p. 
It can be readily understood that, in the case of continuous 
conduction and also in the c;ase of discontinuous conduction 
with a load consisting of R and L elements only (field wind- 
ing of a motor), the rectifier output voltage can be identified 
with the voltage across the load terminals, as most of the 
textbooks on the subject of rectification assume. However, 
this assumption isuiot tnie when one has to deal with dis- 
continuous conduction of the rectifier, combined with a load 
cinaxit containing an electromotive force E^ such as in the 
cas(; of an armature circuit of a d-c motor. 

Figure 29*5 shows that during the non-conductive period 
of the rectifier the voltage at the load terminals is equal to 
the electromotive force Eg generated in the loxid, whereiis 
the rectifier output voltage during the same period is equal 
to zero. On the other hand, during the conductive perkxl 
of the rectifier the load-tenninxil voltage is, of course, equal 
to the rectifier output voltage. Thus, it is immediately 
apparent that here the load-terminal voltage E'a-c. is higher 
than the rectifier output voltage AVr. 

In accordance with the previous definition of the rectifier 
output voltxige, the expression for its average value can be 
derived directly from Fig. 29*5 by integrating the anode 
voltage function with respect to zero line A'' over the period 
of conduction — a*/, and averaging the result over the 
entire phase cycle 27 r/p: 

Ed-c ~ ^ 


V 


Ed-c = 


pEs 

Tr\/2 


[cos X/ — cos Xm — ao(x« — x/)] 


where 


Eo 


(29-16) 

(29-17) 


and p = number of phases of the rectifier. 

The average value of the armature voltage drop can be 
derived from Fig. 29*5 by integrating the voltage function 
with respect to zero line X" over the conduction period of 


the rectifier, x^ — x/, and averaging the result over the phase 
cycle 2ir/p: 

Id eR “ “ J** ( V2£« sin X — Ed) dx 


V 


Id‘cR = 


[cos Xf — cos Xa — a(Xa — X/)] 


where 


(29*18) 


a = 


Ed 


Eg + E() 

V2Ea " \/2Ea 


The average value of the direct voltage at the armature 
terminals E'd~c is, of course, equal to the sum of the counter 
electromotive force Eg and the armature voltage drop Id-eR- 

E^ d-c = Eg + Id~cR 

Thus, from equation 29*18 

pE r 

E'd-c = 3-, — a{x, — Xf) + o' 


p -J 

(29-19) 


(29-20) 


where 

o' = . 

V2E, 

Equations 29*18 and 29*19 arc general equations of con- 
trolled rectification, and, considering equation 29*23, their 
validity extends to all the cases of continuous and discon- 
tinuous condu(;tion of the rectifier, and to any combination 
of /i, />, and Eg in the load (rinniit. Most of the conventional 
forms of expressions for average values of load voltages and 
currents can be derived directly from equations 29*18 and 
29*19. 

When the motor is stalled. Eg = 0 and, in that case, 
a' = 0 (see equxition 29*20) 

Also, from equations 29 *9 and 29*17 

Eo 


(I — do — 




Thus, it becomes apparent from equations 29*16, 29*18, 
and 29*19 that for a stalled motor 


Ed-c = E'd-c ~ Id-cR 


pEa 

t \/^2 


[cosx/ — COST* — ao{xa — Xf)] (29*21) 


Equation 29*21 is valid for all cases of controlled rectifi- 
cation where the load circuit contains R and L elements 
only, such as, for example, the field winding of a d-c shunt- 
wound motor. 

As mentioned previously, in many practical cases the arc- 
voltage drop of the rectifier Eo can be neglected. Then 

Oo = 0 (see equation 29*17) 


and equation 29*21 for a stalled motor is further simplified: 


Ed-c = E'd-c Id-cR = 


pEs f 


cosz,) 


(29-22) 
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In the case of continuous conduction of the rectifier (Fig. 
29-8) the relationship between the angles of ignition and 
extinction (neglecting the rectifier-transformer leakage react- 
ance) is 

x, = xf + — (29-23) 

V 


By substituting equation 29-23 in equations 29-16, 29-18, 
and 29 - 19 we obtain, for the case of continuous conduction, 



Fig. 29*8 Voltage wave for continuous conduction of a polypliase 
rectifier (p = 3). 


Further, neglecting the rectifier-arc drop (oq = 0), and 
introducing the relationship between the angle of ignition a*/ 
and the angle tp of the delay of ignition beyond the natural 
commutating point Xci 

if ^ xj — Xc\ (see Fig. 29-8) 

pir — 27r 



equation 29*24 for the rectifier output voltage can be directly 
transformed into the conventional form, valid only for con- 
tinuous conduction and encountered in most standard text- 
books: 

Ed-c = - sin - cos tp (29 • 26) 

TT p 

Thus, the special form of equation 29*26 can be derived 
directly from the general equation 29*19. It should be 
pointed out that, in contrast with equation 29*19, coeffi- 
cients a and a', which depend upon motor speed, do not 
appear in equation 29*24 and equation 29*26. Thus, for 
continuous conduction the armature Voltage is not affected 
by the speed of the motor. 


When the angle of ignition of a rectifying element of a 
polyphase rectifier is delayed beyond a certain critical value, 
the conduction of the rectifier will become discontinuous; 
that is, the current in the load will consist of discrete pulses, 
and there will be no commutation from one rectifying ele- 
ment to another. 

The critical angle of ignition must satisfy the following 
equation: 

27r 

Xfc = a-ac (29*27) 

V 

and the condition for continuous conduction is 

Xf< (j-a) ( 29 * 28 ) 

V 

where (xa) is the theoretical angle of extinction of a single 
rectifying element, obtained from Fig. 29*7. Discontinuous 
conduction is obtained when 

2t 

X/ > Xa (29*29) 

V 

There always exists a maximum critical angle of ignition 
^ft max siich that, when the ignition is delayed beyond that 
maximum critical angle, 

Xf ^ X/rnmx ( 29 * 30 ) 

the conduction will always be discontinuous, even for a 
purely inductive load (cos^ = 0). The maximum critical 
angle of ignition is a function of the motor speed and of the 
transformer voltage, both represented by the voltage coeffi- 
cient a, and is expressed by the following formula 


where 


and 


, TTO TT 

X/cmax = sin ^ (29*31) 

. ^ P 
p sm - 

P 


TT . TTO 

- < sin ^ —— < TT 

P TT 

p sin - 
p 


p 1 


29-4 CHARACTERISTICS OF A RECTIFIER-MOTOR 
SYSTEM 

In Section 29*3 general theoretical principles of controlled 
rectification were discussed in some detail, and a number of 
basic concepts and mathematical formulas was presented. 
In this section some of the characteristics of the rectifier- 
motor system will be discussed. 

The graphical method of the qualitative analysis of char- 
acteristics will be used first, since it will help to clarify a 
number of concepts and explain the typical behavior of the 
system. 

In Fig. 29*9 (a) are shown graphs of voltages and cur- 
rents, represented as functions of the variable time angle x, 
for a motor whose armature is supplied by a symmetrical 
two-phase rectifier (p — 2, Fig. 29*2) with a delayed angle 
of ignition. Figure 29*9 (6) shows analogous conditions for 
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a conventional d-c drive, and in Fig. 29 -9 (c) rectificr-tube 
voltages (voltages appearing across the rectifying elements) 
are specifically emphasized. For the sake of simplification 
of the diagrams, the rectifier-tube arc-voltage drop has been 
neglected in Fig. 29-9. 

In Figs. 29*9 (a) and 29-9 (c) are shown two sinusoidal 
anode-supply voltages for rectifier tubes 1 and 2 (see Fig. 
29-2). For a symmetrical two-phase, half-wave rectifier 
(sometimes called single-phase full-wave re(;tifier, or bi-phase 
rectifier) these two voltage waves are displaced in phase 
with respect to each other by 180 degrees. It is assumed 
that the motor is running at constant speed; the counter 
electromotive force Eg generated in the armature winding 
is represented by line X'. 

Tube 1 starts to conduct at point A, Fig. 29-9 (a), and 
at that instant the instantaneous voltage across the 
armature is represented by BG. From this point on, the 
armature voltage follows the anode-supply-voltage wave 
along the portion BE of the wave. At the instant w hen the 
rectifying clement starts to conduct, the current is still zero, 
since the inductance of the armature winding prevents the 
current from rising immediately. If the instantaneous 
values of current are plotted in voltage scale as the iR drop 
with respect to zero line A', a pulse ACF will be obtained 
(sec the equation of the current pulse, equation 29-7, as w ell 
as graphs of the current pulse. Fig. 29 -6). 

The i7i-drop pul^ will reach its peak at point C, where it 
intersects the anode-supply-voltage w^ave. At point Z), 
where the a-c supply voltage intci’sects the line of Eg (line 
A''), there is no external voltage to cause the flow’ of current 
in the armature and, if the armature winding had a purely 
resistive character (cos ^ = 1), the current would stop flow- 
ing at that point. In other words, in the idealized case of a 
non-inductive armature winding the armature current plotted 
in scale of zR drop would follow^ the shape of the a-c anode- 
supply voltage ABD. The inductance of the armature 
circuit, which prevents the current from rising sharply at 
the point of ignition A, also prevents the current from dying 
out at point D, where the external voltage causing the cur- 
rent flow is equal to zero. The electromotive force of induct- 
ance keeps the current flowing up to point F, 

The general circuit equation 

di 

e = iR + L - + Eg (29*32) 

di 

can be interpreted graphically in the following manner [see 
Fig. 29*9 (a)]. 

At the point of ignition A the instantaneous supply volt- 
age € = BG consists of tw o components: component AG = Eg 
balances the counter electromotive force Eg generated in the 
armature winding of the motor; component BA = L{di/dt) 
constitutes the inductive voltage drop in the winding; that 
is, it balances the electromotive force of inductance 
[ — L(di/dt)] opposing the flow of current. The resistive 
voltage drop zR is equal to zero since i == 0. At point K, 
where the current reaches its maximum, L{di/dt) = 0, and 
the supply voltage e = CL consists of two components 
CK = iR and KL = Eg, Beyond point A", w here the arma- 
ture current starts to decrease, the electromotive force of 
inductance changes its sign and acts in the direction to main- 
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tain the flow of current in the circuit, so that, when the 
external voltage (e — Eg) changes its sign at point D, the 
current is maintained by the electromotive force, —L{di/di), 
At point F, where the rectifying element 1 stops to conduct, 
the electromotive force of inductance is just equal to FA, 



Fig. 29 ’9 Time? functions of armature voltage, armature electromotive 
force, armature- voltage drop for: (a) two-pha{«} symmetrical rectifier 
drive; (6) d-c drive; (c) time function of voltage across the rectifying 
element 1 . Arc- voltage drop is neglected. 

that is, to the difference of the counter electromotive force 
FH = Eg and the supply voltage e = Eli (compare equa- 
tion 29*32). 

During the conductive period AF of the rectifying ele- 
ment, Fig. 29*9 (tt), the voltage at the armature terminals 
will, of course, follow’ the anode-supply voltage along the 
portion BDE of the sinusoidal voltage wave. During the 
non-conductive period of the rectifier the voltage at the 
armature terminals will be equal to the electromotive force 
generated in the annature winding. Although this electro- 
motive force cannot produce any current in the load circuit 
because of the rectifier, it will appear across the annature 
temiinals and will fully affect the reading of any volt- 
age-measuring instnimcnt. Thus, the actual voltage 
existing at the armature terminals will follow the line 
O^ABCEFMN * • • with respect to the zero line X, 

The average value of annature current, proportional to 
the average value of annature voltage drop (see equation 
29 * 18), is directly proportional to the difference of area ABD 
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and area DFEy Fig. 29-9 (a). The instantaneous torque, 
proportional to the instantaneous value of the armature cur- 
rent, will, of course, follow the graph of the current and will 
have a pulsating character. However, owing to the moment 
of inertia of the motor armature and of all the other rotating 
parts coupled to the motor shaft, the instantaneous speed 
will not vary appreciably, and Eg can be assumed as being 
constant for a given average speed. 

If the load torque at the shaft of the motor is increased, 
the system must respond by an increased current in the 
armature. It is obvious from Fig. 29*9 (a) that the increase 
in current can be obtaineil either by advancing the angle of 
ignition (represented by OG) or by decreasing the value of 
the counter electromotive force Eg (decreasing the speed). 



Fig. 29*10 Tlu;oreli(!al speed-torque (current) characteristics of a d-c 
shunt-wound motor drive. Constant field, annature reaction neglcc!U;d. 

If it is assumed that the angle of ignition (OG) remains un- 
changed, the increase in torque (or current) will result in a 
corresponding decrease in the counter electromotive force 
Eg, The same is, of course, true for a conventional d-c drive, 
whose armature voltage and counter electromotive force 
are shown in Fig. 29*9 (6), but the extent to which Eg (that 
is, speed) will have to decrease for a given increase in torque 
is different in each case. 

Referring to Figs. 29-9 (a) and 29*9 (6), let it be assumed 
that in both cases the same average current flows in the 
armature circuit. Under these circumstances, the following 
equation for the average currents must be fulfilled: 

Area. ACF Area. A'B'C'D' 

-s ' 

TT TT 

It is to be noted that in the case of a rectifier-motor sys- 
tem, Fig. 29*9 (a), the current flows during the portion AF 
of the cycle OR (that is, Xg — t/), whereas for conventional 
direct-voltage drive. Fig. 29-9 (6), the current is uniformly 
distributed (in time) over the entire cycle (B*C' = OR). If 
in both cases the average value of aftnature current has to 
increase by the same amount, and the electromotive force 
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has to decrease, it follows directly from comparison of Figs. 
29*9 (a) and 29-9 (6) that Eg will have to decrease more in 
the case of a rectifier-motor system with discontinuous con- 
duction, Fig. 29-9 (a), than in the case of a direct-voltage 
drive. Fig. 29*9 (6). This becomes immediately apparent 
because the same in(;rease in armature current in both cases 
can be represented by the equal areas of two rectangles whose 
heights will represent the decrease in electromotive force, 
that is, in speed of the motor. In Fig. 29*9 (a) the base of 
the rectangle will bo equal to the period of conduction 
(xg — X/) < TT, and in Fig. 29*9 (6) the base of the rectangle 
will be, obviously, eqnal to ir. Sinc^e the areas of the two 
rectangles are the sjime, and the base of the incremental 
rectangle in Fig. 29*9 (b) is greater, the height of the incre- 
mental rectangle for a rectifier-motor system will be greater 
than the height of the other rectangle. Consequently, the 
speed-torque characteristic of a rectifier drive with constant 
angle of ignition and discontinuous current flow in the arma- 
ture will have considerably more droop than the speed- 
torque characteristic of a conventional direct-voltage drive. 

A somewhat different approach to this problem can be 
obtained by analyzing equation 29*1: 


E - TR 



Assuming a constant voltage E applied to the annature, and 
a constant operating flux the speed of the motor will de- 
crease with increasing current (torque) because of the arma- 
ture voltage drop IR, Equation 29*1 is represented graph- 
ically in Fig. 29*10 for several different values of armature 
voltage. 

lOquation 29 • 1 also can be applied in the case of a rectifier 
drive under the assumption that both E and I are average 
values of periodical functions shown graphically in Fig. 
29*9 (a). Yet there is a basic difference between the two 
cases Ix^cause for a d-c motor system the voltage at the arma- 
ture terminals does not depend upon the ehjctromotive force 
Eg, speed, or load (disregarding the possible line voltage 
drop), whereas in the case of a rectifier drive with constant 
angle of ignition and discontinuous current flow, the arma- 
ture voltage E'd-c depends upon the electromotive force Eg, 
speed n, and load current la-c of the motor. This fact is clearly 
illustrated in Fig. 29*9 (a) where portions of aimature volt- 
age O' A, FM, ••*, etc., over the non-conductivc period of 
the rectifier are equal to the counter electromotive force of 
the motor. In that case Eg can be directly observed on the 
oscilloscope. 

Referring again to equation 29-1, it becomes apparent 
that the droop of the speed-torque characteristic must be 
considerably greater for the rectifier drive with discon- 
tinuous armature current because not only is the armature 
voltage drop IR increasing with load, but there also the 
armature voltage is decreasing at the same time. 

The effect of Eg on the annature voltage is also apparent 
from equation 29*19 where both a and a' are functions of 
E,. 

The speed-torque characteristics of a rectifier drive, for a 
given angle of ignition and a given impedance angle of the 
armature circuit, can be calculated from equations 29*18 
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and 29 '25 and from the graphs in Fig. 29-7. Equations 
29-18 and 29-25 can be rewritten as follows. For discon- 
tinuous conduction: 


tf 


Id-cR V , 

_ j. 

\/2E, 27r ^ 


— cos — a(x« — x/)\ 


(29-33) 


For continuous conduction: 


the coefficient a' (equation 29 • 20) is a better measure of the 
motor speed. Thus, although either of these coefficients 
may be called speed coefficient, a' represents the motor speed 
with a greater degree of accuracy. From equations 29-9, 
29-17, and 29-20, 

a == d- tto (29-36) 

a' = a — ao (29-36) 




Id-cR 

V2^ 


2 • p r / 27 r\ 27 r] 

27r L \ ^ p / p J 


(29-34) 


Assuming typical values for the arc-voltage drop and the 
rectifier-transformer phase voltage 

A’o = 15, Es = 350 


The expression tj = ldJily/2Et,^ representing the ratio 
of the armature voltage drop and the peak value of the 
rectifier-supply voltage, can be called the torque factor of 
the drive because it is direc^tly proportional to the average 
armature current and to the average torque developed by 
the motor, if it is assumed that the operating field remains 
constant. This simplifying assumption is, of course, only 
approximately correct since the main flux will vary with 
load to a certain extent because of the armature reaction. 
The torque factor as well as the speed factor a, appearing 
in equations 29-33 and 29-34, is always less than unity: 

0 < < 1 

0 < tt < 1 

As an example, let us assume the following operating data 
characterizing the conditions of the system: 

Number of phases p = 3 
Angle of ignition Xf = 90*^ 

Load-impedan(!e angle 6 = cos""^ 0.4 

The values of torque factor t/ for discontinuous conduction 
can be calculated, for given values of p, x/^ cos d, and for 
different values of a, from equation 29 -33 and the graphs in 
Fig. 29-7. It is to be noted that values of Xg appearing in 
equation 29-33 arc taken from the graphs in Fig. 29-7 for 
given values of x/y cos 6, and a. The calculated values of 
torque factor are assembled in Table 29-1. For continuous 
conduction of the rectifier the values of torque factor are 
calculated from equation 29-34. It is important to bear in 
mind that for this particular example the value of the critical 
angle of extinction is (equation 29-27) 

27r 

Xic = ^fc + — = 210 ® 

V 

Discontinuous conduction takes place where the angle of 
extinction, obtained from Fig. 29-7, is less than x^c = 210 de- 
grees. Continuous conduction takes place where the theo- 
retical angle of extinction (a*,), obtained for a single rectify- 
ing clement (from Fig. 29-7), is greater than 210 degrees. 
The actual angle of extinction for continuous conduction is 
constant, and equal to Xf + (27r/p) = 210 degrees. 

As stated previously, the coefficient a (equation 29-9) 
may be regarded as directly proportional to the speed of the 
motor, if the operating flux of the motor is assumed to be 
constant and if the arc-voltage drop of the rectifier is 
neglected. If the arc-voltage drop is taken into account, 


we obtain from equation 29-17 a typical value of the coef- 
ficient oq: 


ao 


15 

\/2 X 3 50 


0.0303 


Values of the speed coefficient a', calculated from equation 
29-30, also are given in Table 29- 1. 


Tablk 29 -i Results of Caloulations op Armature Voltage, 
Armature Current and EMF for Rectifier-Motor System, 

Fia. 29-4 

p « 3, Xf — 90°, (!os 0 = 0.4, Eg » 350 volts, oo =* 0.0303 critical 
angle of extinct ion Xgc ** 210° 




Xg 




a 

a' 

in degrcc.s 


Va 



a =s — zr — 


E<,. 

■29-33 


Conduc- 



Fig. 2<) 7 

Kil 


tion 


a' =* a — rto 


29-34 

Vo =* a' -f tf 


1.0 

0.9097 

90 

0.0000 

0.9697 

Discon- 

0.8 

0.7697 

151 

0.0104 

0.7801 

tinuous, 

0.7 

0.6697 

164 

0.0268 

0.6965 

Xg < 210° 

0.6 

0.5697 

177 

0.0418 

0.6115 


0.5 

0.4697 

188 

0.0644 

0.5341 


0.4 

0.3697 

198.5 

0.0908 

0.4tK)5 


0.3 

0.2697 

209 

0.1197 

0.3894 


0.25 

0.2197 

(■214.5) * 

0.1633 

0.3830 

Continu- 

0,2 

0.1697 

(218.6) • 

0.2133 

0.3830 

ous, 

0.1 

0.0697 

(228) * 

0.3133 

0.3830 

(xg) > 210° 

0.0303 

0.0000 

(236) • 

0.3830 

0.3830 



* Values of theoretical angle of extinction for continuous conduction 
(a-,) > 210°. Actual angle of extinction x, for (Xg) > 210° is constant 
and equal to Xf + 2ir/p 210°. 


The speed-torque characteristic of the drive can be repre- 
sented in terms of corresponding coefficients a' and t/ as 
a' = and can be plotted directly from values of a' and 
tf in Table 29-1. The graph of a' = f{tf) for x/ = 90 degrees, 
cos 6 = 0.4, p = 3, and a© = 0.0303 is shown in Fig. 29-11. 

The equation for the motor armature voltage of a rectifier 
drive was derived previously in Section 29-3 (equation 
29-19). Now, a typical graph of the armature voltage as a 
function of load current or torque may be calculated and 
plotted on the basis of values of the speed coefficient a* and 
torque coefficient 1/ contained in Table 29-1. 
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Dividing both sides of the equation 

= Ef + U-cR (29-37) 


by the peak value of the rectifier transformer ''oltage y/^E,, 
we have 


E'a.e Eg Id-r.R 

V^E, ~ V2E, V2Eg 


(29-38) 



Fia. 29*11 Theoretical apeed-torque characteristic, a' — of a 
rectifier-motor system. Graph plotted from Table 29*1. 


The ratio of the armature voltage E'd-c and the peak value 
of the rectifier-transformer phase voltage may be called the 
armature-voltage coefficient; it will be denoted by Va- This 
coefficient, of course, is directly proportional to the arma- 
ture voltage: 


Va 


V2E, 


(29-39) 


Considering equations 29*20, 29*34, and 29-39, equation 
29-38 can be represented as 

i^a — a' d" t/ (29-40) 

or 

a' — Va — if (29-41) 

It ^vill be noted that values of coefficients a' and if for the 
particular case of t/ = 90 degrees, cos 6 = 0.4, p = 3, and 
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Fig. 29-12 Theoretical voltage-torque characteristic, Va « f(tf)t of a 
rectifier-motor system. Graph is plotted from Table 29*1 and corre- 
sponds to graph in Fig. 29*11. 


oo = 0.0303 are given in Table 29 - 1 ; therefore the armature 
voltage coefficient Va can be calculated directly from equa- 
tion 29*40. Values of Va also are given in Table 29-1. The 
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graph of armature voltage versus torque, represented in 
terms of corresponding coefficients, Va = /(<!/), is shown in 
Fig. 29-12. 



Fig. 29*13 Theoretical speed-torque oharacteristics of a rectifier-motor 
system, a' — /(//), for p = 2, x/ * 1K)°, and four different load impedance 

angles. 


Two families of graphs representing a' = J{if) for p = 2, 
one for the angle of ignition of 90 degrees and different values 
of the load-impedance angle, the other one for the load-im- 
pedance angle B = cos""^ 0.4 and different values of the angle 
of ignition, are shown in Figs. 29 • 13 and 29 » 14. These graphs 
are plotted on the basis of calculations similar to those given 
previously for the case p = 3, t/ = 90 degrees (see Table 
29 * 1 and Fig. 29-11). The graphs can be used for estimating 
the speed of the motor for a given angle of ignition, arma- 
ture-circuit constants, transformer voltage, and motor load. 



Fig. 29*14 Theoretical speed-torque characteristics of a rectifier- 
motor system, o' =» /(</), for p — 2, cos B » 0.4, and five different 
angles of ignition. 

If a more accurate calculation is required, a graph of 
a' « f{if) can be plotted from several points calculated in 
the same manner as those for Table 29*1, on the basis of 
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given values of the angle of ignition x/, impedance angle of 
the armature circuit 0, and number of rectifier phases p. 



Fig. 29*15 Experimental speed-torque (current) charact/eristics of a 
rectifier-motor system for two different constant angles of ignition, 
p “ 2. Motor rating: 1 hp, 1750 rpm, 230 volts. Constant field ex- 
citation. 


The experimental characteristics of a rectifier drive for 
p = 2 and a constant angle of ignition are shown in Figs. 
29‘15 and 29'16. 

Analogous theoretical speed-torque characteristic for a 
conventional direct-voltage drive also can be represented in 
terms of speed and torque coefficients. Dividing both sides 
of the equation 

-IR 


by the supply voltage which is equal to the armature volt- 


age E, 


Eg ^ IR 


(29-42) 


we can express equation 29*42 as 

Ofd-c ~ 1 ““ // d-c (29 * 43) 

where 

Eg 

ad-e = — = speed coefficient 


d-c 


IR 

— = toraue coefficient 
E 


It will be noted that equation 29*43 is analogous to equa- 
tion 29*41. Since for a conventional d-c drive the armature 
voltage is equal to the supply voltage, the armature voltage 
coefficient Vad-c is equal to unity: 


Usually, four or five points will determine the curve ade- 
quately, and then the speed coefficient (hence the electro- 
motive force and the speed of the motor) for any given load 
can be obtained directly from the graph. 



Fig. 29*16 Experimental voltage-torque (current) characteristics of a 
rectifieMnotor system for two different constant angles of ignition, 
p — 2. Motor rating: 1 hp, 1750 rpm, 230 volts. Constant field 

excitation. 


d-c 1 

The graph of equation 29*43 is shown in Fig. 29*17. 



Fig. 29*17 Theoretical speed-torque charac-teristic, “*/(Vd-c)» of 
a d-c drive. Constant field; armature reaction neglected. 

The speed and armature-voltage characteristics of recti- 
fier drives will be discussed again in Sections 29*6 and 29 *7 
in connection with the description of various means and 
circuits for control. 

29-5 ELEMENTARY SYSTEMS FOR ARMATURE 
CONTROL 

An elementary scheme for armature-voltage control of a 
rectifier drive is shown in Fig. 29*18. It will be noted in 
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Fig. 29 • 18 that the power-rectifier circuit and the a-c grid- 
phase displacement circuit providing the alternating grid- 
voltage component are the s^ime as those shown previously 
in Fig. 29*2. The variable d-c component of the thyratron 
grid circuit is applied between the conunon cathode connec- 
tion of the two rectifier tubes (point A) and the center tap 
of the secondary winding of the control-grid transformer 
T2 (point 5). The d-c grid component consists of two volt- 
ages opposing each other. One, across ft4, is of constant 
magnitude and negative polarity with respect to the grids, 
the other one, of positive polarity, is obtained from a manu- 
ally adjustable voltage divider (potentiometer) PI. 


Tl 



Fio. 29*18 Elementary circuit diagram for rectifier armaturc-voltaKc 
control. Direct- voltage control of ignition. 
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mal drive system is connected to the neutral of the trans- 
former, will be at the same potential and, consequently, the 
potential of the positive terminal and of the cathodes of the 
rectifying elements will follow the wave of the armature 
voltage (Fig. 29*5). When the rectifier tubes are not con- 
ducting, their cathode potential follows the horizontal line 
X" of the motor counter electromotive force. The alter- 
nating grid voltage as well as the resultant d-c component 
of the grid voltage is, of course, always referred to the 
cathode potential, and will always shift in the vertical direc- 
tion with a change in motor speed in order to follow E^, 

The critical grid voltage of the thyratrons will be different 
for each particular value of because of the change in the 

RECTIFIER 



LOW SPEED MEDIUM SPEED HIGH SPEED 


SHADED AREA REPRESENTS THE 
ACTIVE PORTION OF RECTIFIER 
ANODE SUPPLY VOLTAGE (TRANS** 
FORMER SECONDARY VOLTAGE 
TO NEUTRAL) 


Fio. 29*19 Effect of motor electromotive force on the active portion of 
the rectifier-transformer voltage and on the critical grid- voltage charac- 
teristic of armature thyratrons. 


It is apparent that, by adjusting the potentiometer PI, 
the direct grid-voltage component can assume a continuous 
set of values from a maximum negative value (with respect 
to grids), equal to the voltage across resistor P4 when PI is 
turned all the way counterclockwise, through zero, to a 
maximum positive value when the slider of PI is turned all 
the way clockwise. In order to obtain that kind of change 
in polarity of the direct voltage between points A and P, 
the total voltage across PI must be higher than the voltage 
across P4. The resulting control of the angle of ignition has 
been described in Section 29*3, particularly in connection 
with Fig. 29*2 (a). 

The most satisfactory control over the widest possible 
range of angles of ignition is obtained with the following 
typical values of grid voltages: 

Alternating grid voltage per tube, 25 to 35 volts rms 
Phase displacement of the alternating grid voltage with 
respect to transformer voltage (lag), 90® to 120® 
Constant d-c grid-voltage component, 40 to 55 volts 
Maximum value of adjustable d-c component of opposite 
polarity, 80 to 120 volts 

It is important to point out that when the motor is ninning 
(see Fig. 29 *5) the center tap or the neutral point of the 
rectifier transformer can be assumed as being at constant 
potential represented by the zero line X'' in Fig. 29 • 5. The 
negative terminal (brush) of the d-c motor, which in a rior- 


‘^active^’ portion of the transformer-supply voltage, as illus- 
trated in Figure 29*19. Furthermore, the range of possible 
angles of ignition, which, generally speaking, has a maximum 
of 0 to 180 degrees when the motor is at standstill, is nar- 
rowed to the range ^2 as discussed in Section 29*3 
(see equations 29 *12, 29 *14, 29*15). The changes in the 
critical-grid-voltage curve normally take place in a con- 
tinuous manner and do not have any undesirable effect on 
the process of control of the angle of ignition. However, 
under certain conditions the operation of the system may 
be affected by a sudden discontinuous change in the critical 
grid-voltage characteristic, and particular!}" at the critical 
point of ignition, where discrete pulses of armature current 
join to give a continuous conduction of the rectifier (see 
equation 29*27). 

If the change in the critical grid characteristic is disre- 
garded, each particular position of the slider of the poten- 
tiometer PI (Fig. 29*18) will correspond to a particular 
angle of ignition of the thyratron rectifier tubes, and this 
angle of ignition will remain constant (for a given position 
of the slider) for different speeds and torques of the motor. 
As mentioned previously, the type of control shown in Fig. 
29*18 may be called vertical control of ignition. 

Another type of elementary control, which can be called 
horizontal control, is shown in Fig. 29*20. The basic dif- 
ference between the control system in Fig. 29*18 and the 
one in Fig. 29*20 is that the latter has no d-c component of 
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the thyratron grid voltage, and the control of the angle of 
ignition is accomplished by means of a variable phase shift 
rather than by means of a vertical shift of the alternating 
grid-voltage wave. In the system shown in Fig. 29*20 the 
phase-shift circuit consists of a center-tapped transformer 
winding, a resistor R3j and a saturable-core reactor SCR. 


Tl 



Fio. 29-20 Elementary circuit diagram for rectifier armature- voltage 
control. Phase-shift control of ignition. 


The variable phase displacement can be obtained either by 
varying the resistance /?3, or, as in Fig. 29*20, by varying 
the inductance ot reactor SCR through the control of the 
direct saturating current by means of PI. The inductance 
can also be varied by changing the air gap in a plunger-type 
reactor. The plunger may be controlled manually or it may 
be coupled mechanically to some movable parts of the 
system. 

In these two types of elementary control the angle of 
ignition for a particular setting of the control element re- 
mains approximately constant, and is not appreciably 
affected by the speed of the motor or the load current. 

The speed and armature-voltage characteristics of the 
drives discussed in this section have been analyzed previously 
in Section 29 * 4 (Figs. 29 * 15 and 29 * 16). It is apparent that, 
although speed can be controlled by manual adjustment of 
the angle of ignition, a particular setting of the speed con- 
trol element PI does not correspond to any particular speed 
because the latter is influenced to a predominant extent by 
the load conditions of the motor. The excessively drooping 
speed-torque characteristics of these elementary drives make 
them unsuitable for most industrial applications, with the 
exception of a few special cases, where these “series'^ charac- 
teristics either are not objectionable or may even be advan- 
tageous, as for instance in some winding operations. 

29-6 ARMATURE-VOLTAGE REGULATION 

As pointed out in Section 29*4, there are two reasons for 
an excessively drooping speed-torque characteristic of an 
elementary rectifier drive when conduction is discontinuous. 
First, the armature-voltage drop, directly proportional to 
the torque, is the reason for drooping of the speed-torque 
characteristic, common to both rectifier and straight d-c 
drives. Second, in a rectifier drive, when the conduction is 
discontinuous, the armature voltage will decrease sharply 


with increasing torque. This is the primary reason for the 
excessive droop of the speed characteristic. 

The speed regulation characteristic of a rectifier drive 
can be substantially improved by various special electronic 
control systems where the armature voltage is prevented 
from decreasing with the increase of tonjue by an automatic 
readjust inent of the angle of ignition of the rectifier tubes, 
so that the angle of ignition x/ is advanced automatically for 
an increasing torque and delayed for a decreasing torque. 
In other words, an armature-voltage regulating system may 
be used to maintain the armature voltage constant, or 
practically constant, for any given setting of the control 
element (for instance potentiometer PI in Figs. 29*18 and 
29-20). 

The diagram of one scheme of a rectifier drive with auto- 
matic armature-voltage regulation is shown in Fig. 29*21. 
In comparing the diagram in Fig. 29*21 with the elementary 
control diagram of Fig. 29 * 18 it will be noted that the con- 
trol circuit, connected to points A and B in Fig. 29 * 18, is 
now connected to points A, JB, and C in Fig. 29*21. Instead 
of a simple combination of two opposing direct voltages, we 
now have a more elaborate electronic control circuit cen- 
tered around electronic tube 3. Tube 3 is a high-vacuum, 
high-mu trio<le or a pentode such as the 6J7 or 6SJ7. 

The plate circuit of tube 3 starts at the positive side of 
the d-c plate-voltage supply, which for the sake of simplifi- 
cation is showm as obtained from battery .^1. Then the 
plate circuit is followed through load resistor R& to the plate 
of tube 3, through the tube to the cathode, and then to the 
negative side of 51. 52 supplies the voltage to the biasing 
resistor 59, and to the reference-voltage potentiometer PI. 
The grid circuit of tube 3 is followed from the cathode through 
59, portion of PI, 55, grid resistor 58 to the grid. 


Tl 



Fig. 29-21 Circuit diagram of an electronic drive of the regulator type 
for armature-voltage control and regulation. 


The voltage across the armature is divided by means of a 
voltage divider consisting of resistors 54 and 55. The por- 
tion of armature voltage across 55 is introduced in the grid 
circuit of tube 3. The voltage across 55 is called the ‘‘indi- 
cating’^ voltage or the feedback voltage of the regulating 
system. Capacitor C4 reduces the a-c ripple of that portion 
of the armature voltage which is in the grid circuit of tube 3. 
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The third major control circuit is the grid circuit of the 
power thyratron tubes 1 and 2. The alternating-voltage 
components displaceii in phase with respect to the alter- 
nating anode-supply voltages are obtained through the de- 
phasing circuit R3-C3 and the grid transformer T2, These 
circuits have been described in Section 29*3 (see Fig. 29*2). 
The variable direct grid-voltage component between the 
catluxle lead of thyratron tubes (point ^4) and the center tap 
of the secondary Avinding of the grid transformer T2 (point 
B) is developed in the following circuit: cathodes of tubes 1 
and 2 (point A), resistor Rb, portion of potentiometer PI, 
biasing resistor /f9, tube 3 (cathode to plate), resistor P7, 
and center tap of transformer T2 (point P). 

There are two principal direct-voltage components in the 
thymtron grid circuit corresponding to the voltages across 
RA and across a portion of PI in Fig. 29-18. These com- 
ponents are the variable voltage across tube 3, which has a 
positive polarity with rospect to the grid, and the constant 
negative component supplied by the auxiliary voltage P3. 
The remaining two voltages, one across Rb and the other 
across the active portion of P\ and across /f9, do not have 
any appreciable effect on the grids of rectifier tubes 1 and 2 
since they are of opposing polarity and practically equal in 
magnitude. 

The operation of control tube 3 is such that when the 
tube docs not conduct any current the voltage across the 
tube is high, and a resultant positive direct grid-voltage com- 
ponent is applied to grids of rectifier tubes 1 and 2 so that, 
in accordance with previous discussions, the rectifier tubes 
will fire at the most adA'anced angle possible under the exist- 
ing conditions, and the maximum possible voltage Avill be 
applied to the armature. On the other hand, when tube 3 
is made to conduct full possible current, the voltage across 
it is very Ioav (actually close to zero), and the resultant direct 
voltage in the grid circuit of rectifier tubes is highly negatiA’^e, 
practically equal to the auxiliary negati\"e voltage supply 
across R7, Because this negative grid voltage is just enough 
to prevent armature rectifier tubes 1 and 2 from firing, no 
voltage is applied to the armature Avhen tube 3 is conducting 
full current. 

When the motor is running at a certain constant speed, 
the folloAAung state of balance will exist in the system. A 
portion of the armature voltage appearing across Rb will be 
balanced against the voltage of opposite polarity existing 
between the slider of the potentiometer PI and the catluxle 
of tube 3, in such a manner that a resultant negative voltage 
of 2 or 3 volts is applied to the grid of tube 3. The current 
which tube 3 is conducting determines the voltage across the 
tube, and this voltage, in turn, in combination with the con- 
stant negative voltage across 727, determines the angle of 
ignition of tubes 1 and 2 and, hence, the voltage applied to 
the armature of the motor. 

For a given setting of PI, the system showm in Fig. 29-21 
Avill tend to maintain the armature voltage constant. Let us 
assume, for example, that owing to an increase in torque the 
armature voltage will start to decrease. Then the voltage 
across Rb will tend to decrease, and the resultant voltage 
applied to the grid of the high-vacuum amplifier tube 3 Avill 
become slightly more negative (note again that the voltage 
across Rb is positive and the voltage between the slider of 


PI and the cathode of tube 3 is negative with respect to the 
grid of tube 3). Thus, the current of tube 3 will decrease 
and the voltage across that tube Avill increase so that the 
angle of ignition of tubes 1 and 2 Avill be immediately ad- 
vanced, and Avill tend to prevent the armature voltage from 
decreasing. A similar action, but in the opposite direction, 
will take place when the armaturo voltage will tend to in- 
crease (for instance, on decreasing of motor torque). 

OAving to the presence of amplifier tube 3, any small 
change in armature voltage Avill produce a powerful “restor- 
ing*’ action through the amplifier and through the control 
of the angle of ignition of the armature rectifier tubes in the 
direction opposing any change in magnitude of the armature 
voltage. Thus, normally, the Avhole system will remain in a 
state of rigid balance, provided conditions for the stability 
of the system are fulfilled. 

The negative grid-voltage component of tube 3, betAA’oen 
the slider of PI and the cathcxle of the tube, represents Avhat 
is normally called the “reference” A'oltage. Let us assume 
that this A^oltage is increased by turning the slider of poten- 
tiometer PI in the clockAvise direction (see Fig. 29-21). The 
resultant grid voltage of amplifier tube 3 Avill become more 
negatiA^e, the current of the tube will decrease, the voltage 
across the tube Avill increase, and the angle of ignition of 
rectifier tubes 1 and 2 Avill be advanced, so that a higher 
voltage Avill be applied to the armature, resulting in a cor- 
respondingly higher speed of the motor. If the slider of PI 
is left in the new position, a ncAA' state of balance Avill be 
quickly established (time must be taken for the acceleration 
of the motor) at a higher armature voltage and higher motor 
speed. Thus, it can be readily seen that, by A^arying the 
reference voltage through the adjustment of PI, the speed 
of the motor can be arbitrarily controlled by A^arying its 
armature voltage. 

The scheme shoAAm in Fig. 29-21, and described in this 
section, is an example of a typical regulator. Although regu- 
lators in general are discussed in detail in' Chapter 30, some 
of their basic features and characteristics must be mentioned 
here in view of their fundamental importance in most elec- 
tronic motor-control systems. 

A regulator in the strictly defined sense is a system (the 
term is sometimes applied to a portion of the system) Avhere 
some physical quantity such as speed, voltage, current, or 
temperature, Avhich is called “regulated quantity,” is auto- 
matically maintained constant or is made to folloAv with a 
high degree of accuracy the variations of the reference quan- 
tity. Any regulator must have the folloAving basic elements: 

1. Indicator of the regulated quantity. 

2. Reference quantity with which the regulated quantity 
is compared directly or indirectly. 

3. An amplifying system necessary to provide satisfactory 
accuracy and sensitivity of the regulator. 

4. Means to provide a “restoring force” resulting in the 
recovery of the system balance. 

In addition, means for securing the stability of the system 
may be needed, such as different “damping” ^nd “antici- 
patory” elements or devices. The system shoAvitIh Fig. 29 • 21 
is a voltage regulator, and it has all the four basic elements. 
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In electrical systems the regulated quantity is usually 
translated into voltage, whose magnitude is proportional to 
the magnitude of the quantity to be regulated, since voltage 
can be most readily introduced or fed back into the ampli- 
fying system. In the regulating system previously de- 
scribed, the simple combination of resistors 724, 725, and 
capacitor C4 can be regarded as the indicator of the regulated 
quantity, that is, of the armature voltage. The reference 
quantity is the voltage provided between the slider of PI 
and the cathode of the amplifier. This voltage is constant 
for a given setting of the potentiometer PI. The amplifying 
system is a very essential part of any regulator since without 
it proper accuracy could not be obtained, and in that sense 
the system would cease to be a regulator. In the system 
shown in Fig. 29*21 amplification of the system is provided 
by the amplifying properties of the high-vacuum tube 3, so 
that a slight change in the regulated quantity will cause a 
change in the voltage across the tube many times greater. 

The restoring force is the “back-to-normal action’^ made 
sufficiently powerful through the previously discussed ampli- 
fication. A slight deviation of the regulated quantity from 
its prescribed value will result in the appearance of the action 
of the system in the direction to prevent the deviation. Thus, 
in the system shown in Fig, 29 *21, the restoring action con- 
sists of the variation of the voltage across tube 3, and the 
resulting changes in the angle of ignition of the armature- 
rectifier tubes acting in the direction to oppose any change 
in armature voltage. 

It can be readily seen that a typical feature of a regulator 
is the cyclic interdependence of several quantities, the num- 
ber of which may be two, three or more. Also, it should be 
noted that in a regulator system one may speak of the feed- 
back of the regulated quantity in exactly the same sense as 
in electronic feedback amplifiers, (jenerally speaking, a 
regulator and a feedback amplifier are closely related, and 
very often sustained oscillations may develop in a high-gain 
regulating system. These oscillations, which are often called 
^‘hunting,” are, of course, very undesirable phenomena, 
which must be eliminated by special stabilizing or anti- 
hunting means, usually required in most high-accuracy regu- 
lators. Some of these means will be described in Section 
29*11. 

29-7 ARMATURE-VOLTAGE-DROP COMPENSATION 

In Section 29*6 an armature-voltage control and regu- 
lating system was discussed in some detail. The system 
shown in Fig. 29*21 represents a rectifier drive with arma- 
ture control and, from the application point of view, is 
analogous to the well-known variable-voltage drive of the 
Ward-Leonard type. 

However, in many industrial applications it is important 
that the drive provide a flat speed-torque characteristic; 
that is, that the speed of the motor remain essentially con- 
stant for different values of torque applied to the motor 
shaft. In other words, the system preferably should be a 
speed regulator which would automatically maintain a con- 
stant speed for varying loads. The system described in the 
preceding section is a voltage regulator, and although the 
armature voltage is maintained constant, the speed will 


normally decrease with increasing torque, owing to the 
armature 772 drop, as in any conventional d-c drive with 
shunt-wound motors (see Fig. 29*17). 

There are two ways to provide the desired constant-speed 
characteristic. The first is the speed-regulated drive where 
speed is maintained constant by a regulating system in which 
the speed is indicated directly by means of a rotating tachom- 
eter generator coupled mechanically to the motor. This 
type of drive has many advantages, the most important 
being the accuracy and consistency of operation. The main 
disadvantages are the necessity of providing a tachometer 
generator, and the problems of additional space as well as of 
mounting and coupling the tachometer generator. 

The second method is the compensated drive where the 
armature voltage is regulated as described in Section 29*6 
but, in addition, the angle of ignition is readjusted, and its 
readjustment depends upon the armature current, that is, 
upon the 772 drop in the armature. The readjustment of the 
angle of ignition is such that with increasing current the 
angle of ignition of the main rectifier tubes is additionally 
advanced, and with decreasing current it is additionally de- 
layed. This action, entirely automatic, can be superimposed 
upon the changes in the angle of ignition resulting from the 
armature-voltage regulation. The compensated type of 
drive permits the use of standard motors without additional 
shaft extensions and couplings for the tachometer generator. 
The speed-regulated drive will be discussed in Section 
29*11. Here, circuits for 772-drop compensation will be 
described. 

Figure 29*22 represents the basic diagram of one of the 
possible forms of the compensated system. It will be noted 
that the diagram is derived from the armature-voltage con- 
trol and regulating scheme shown in Fig. 29 *21 by the addi- 
tion of another amplifier tube 4 and its allied circuits. In 
oi-der to facilitate the comparison of both diagrams, the 
designations of circuit elements, common to the diagrams in 
Fig. 29 *21 and Fig. 29 *22, have been made the same. Tube 
4 is a conventional high-vacuum triode. A new resistor 7210 
is introduced in series with the armature of the motor. This 
resistance is from two ohms to a fraction of an ohm, depend- 
ing upon the motor current rating, and is used to indicate 
the load conditions of the motor. The resistor 7210 is in the 
grid circuit of the 772-drop compensating tube 4. Other 
elements of that grid circuit consist of the anti-hunting con- 
trol rheostat P3, the negative-bias resistor 7213, and the grid 
resistor 7212. The compeiisiition-control potentiometer 7*2 
and the resistor 7211 form the load resistance of tube 4. A 
portion of the direct voltage across 7^ is introduced into the 
grid circuit of the master control tube 3, so that this voltage 
tends to make the grid of tube 3 more negative. 

Reference to the diagram in Fig. 29*22 will show that the 
resultant direct grid voltage of the master control tube 3 is a 
combination of three direct-voltage components: 

1. The negative component obtained from the speed- 
control potentiometer PI and biasing resistor P9. 

2. The positive component across the armature-voltage 
feedback resistor P5. 

3. The negative component across a portion of the 772-drop 
compensation control potentiometer P2. 
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The action of the /ff-drop compensating circuit can bo easily 
undoi-stood by analyzing first the control-grid circuit of tube 
4 (Fig. 29-22), and then the control-grid circuit of tube 3. 
Referring again to Fig. 29-22, it will be seen that when the 
load torque applied to the shaft of the motor is increased 
and, consequently, the armature current is increased, the 
average voltage drop across ElO is increased, so that the 
control grid of tube 4 will become less negative. This condi- 
tion will result in the increase of plate current of tube 4 and, 
hence, in the increase of voltage across P2, The control 
grid of master tube 3 will become more negative, and the 
plate current of tube 3 will be reduced. It will be recalled 
that the angle of ignition of armature thyratron tubes is 


Tl 



Pig. 29-22 Circuit diagram of an electronic compensated drive. 


advanced when the plate current of the master control tube 
3 is decreased, and the ignition is delayed when the plate 
current of that tube is increased. Thus, an increase in 
armature current will result in the reduction of the plate 
current of tube 3 and the advancement of the angle of igni- 
tion of the armature-rectifier tubes. The opposite is true 
when the armature current is reduced. 

Since the above effect is caused by changes in armature 
current, and because it is added to the armature-voltage 
regulating action, which was described in detail in the previ- 
ous section, it follows that the combination of the two effects 
will cause an increase in armature voltage with increasing 
armature current, and a decrease in voltage with decreasing 
current. If, by proper adjustment of the compensation-con- 
trol potentiometer P2, the increase in armature voltage, for 
a given increase in armature current, is made to be approxi- 
mately equal to the corresponding increase in the armature- 
voltage drop I/t, then, from the expression 

Eg=- E- IR (29-44) 

it becomes apparent that for any change in torque, the two 
terms of the right side of equation 29-44 will be increased or 
decreased by the same amount, so that the electromotive 
force Eg wrill remain constant. Consequently, if the effect 
of armature reaction is neglected, the speed of the motor will 
remain constant and independent of t£e variations of toi^ue. 

It must be remembered, however, that it is not possible to 


make an adjustment of the rate of compensation by means 
of potentiometer P2, such that the condition 

AE = A(//e) (29-45) 

be fulfilled for all possible loads and speeds of the motor. 
The reason is that the degree of compensation depends not 
only upon the setting of potentiometer P2, but also upon the 
operating angle of ignition and the magnitude of the electro- 



Fio. 29*23 lOxperimcntal speed-torque (current) characteristics of a 
compensated electronic drive, p 2. Motor rating: 1 hp, 1750 ri)m, 
230 volts. Constant held excitation. 


motive force, and those conditions will be different for dif- 
ferent speeds and tongues of the drive. Even if the condition 
for an ideal compensation (equation 29-45) is fulfilled for 
all operating speeds and loads, that is, if the electromotive 
force Eg for a given speed is actually kept constant, the 
speed may still vary because of the effect of armature reac- 
tion and the resultant variation of the operating flux in the 
motor. In fact, it will be recalled that the electromotive 
force of a shunt-wound motor is a true representation of its 
speed only under the simplifying assumption that the arma- 
ture reaction is neglected and that the operating flux re- 
mains constant. Such a condition is actually never met in 
practice. Furthermore, the degree of compensation is af- 
fected by the characteristics of the armature circuit, mainly 
by the resistance and inductance of the armature winding, 
and a satisfactory adjustment of the compensation-control 
potentiometer for one motor may prove inadequate for 
another motor, even of a similar rating. Moreover, the 
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resistance of the armature circuit is subject to some changes 
caused by variations in temperature of the winding, and even 
by variations in the brush drop. 

In spite of all these difficulties, it is normally possible to 
obtain a satisfactory compensation at different speeds and 
loads for a given motor and for one optimum setting of the 
compensating control. As an example, it may be stated 
that, with a 10-to-l speed range by armature-voltage con- 
trol, 1 to 2 percent speed regulation from no load to full load 
at base speed and 5 to 7 percent at 3^o of the base speed is 
normal. With 20-to-l speed range, from 8 to 12 percent 
speed regulation at of base speed may be expected. 



Fig. 29*24 Kxpennumtal graphs of armaturt? voltages versos load 
current for an electronic compensated drive, p ■= 2. Mot-or rating: 
1 hp, 1750 rpm, 230 volts. Constant field excitation. 


These figures indicate that from the point of view of speed 
regulation the performance of a compensated electronic 
drive is much better than that of a conventional motor- 
generator-drive system where 8 to 12 percent regulation 
may be expected at base speed, with motor stalling at full 
rated torque when the no-load speed is reduced to about yio 
of base speed (100 percent regulation). 

As an example of performance of a compensated rectifier 
drive. Fig. 29-23 represents a family of experimental speed- 
torque characteristics taken for a 1-horscpower, 1750 revo- 
lutions per minute compensated rectifier drive. In Fig. 
29-24 are shown experimental characteristics of armature 
voltage as a function of armature current (torque) for dif- 
ferent speeds. In connection with the experimental graphs 
shown in Figs. 29-23 and 29-24, several facts should be 
pointed out. The full rated field current was maintained 
throughout the test. The compensation-control potentiometer 
P2 was adjusted to an optimum setting to give a close speed 
regulation over a 20-to-l speed range. The setting of P2 
was the same for the entire range of speeds. From the 
graphs in Fig. 29*23 it may be seen that, within the load 


range from no-load current to full-load current of 4.3 am- 
peres, the speed of the motor was kept within 4 percent for 
any speed of the 10-to-l range. At of the base speed the 
regulation was about 7 percent. The increased drooping of 
the spccd-tonpie characteristic for currents exceeding the 
rated value of 4.3 amperes was caused by the current-limiting 
effecit of the drive. (Special current-limiting circuits, not 
included in Fig. 29*22, will be discussed in Section 29-8.) 
From graphs shown in Fig. 29*23 it is apparent that the 
motor was able to deliver full rated torque at a speed as 
low as of the rated speed, without any appreciable slow- 
down. 

A peculiarity of voltage-current characteristics shown in 
Fig. 29*24 is the slope of cuives which is greater for low 
speeds and smaller for higher speeds. This phenomenon 
can be explained by the effect of decreased system amplifi(ja- 
tion at higher speeds. The fact that the armature-voltage 
curves in Fig. 29*24, which are not parallel to one another, 
result in the practically parallel speed curves shown in 
Fig. 29*23 can be explained by the influence of armature 
reaction in the motor. In fact, because the flux in equa- 
tion 29*1 is actually a function of the load current /, the 
increment of armature voltage required to maintain con- 
stant speed in spite of IR drop decreases gradually with 
increasing speed. 

29.8 CONTROL OF ACCELERATION 

Electronic motor control of the rectifier type is particu- 
larly well suited for use as an automatic starter of the most 
elaborate type. 

The three important factors to be considered during the 
process of acceleration of a motor are: (1) duration of the 
accelerating period; (2) safety of acceleration; and (3) magni- 
tude of starting torque. 

The term safety of acceleration implies such considera- 
tions as the magnitude of starting current and possible me- 
chani(;al shocks, if the inrush current is too high. It is 
apparent that the three factors just mentioned are inter- 
related since the higher the current is, the higher the starting 
torque will be, and the shorter the duration of acceleration. 
In most industrial applications the duration of the ac^cel- 
crating period should be as short as possible, and a higli 
starting torque is a definite advantage. However, the factor 
of safety puts a definite limitation on both time of accelera- 
tion and the magnitude of starting torque. In fact, the 
current during starting must not be too high; this require- 
ment is imposed by both the motor and the control equip- 
ment, and sometimes also by the power-supply line. In 
conventional magnetic control systems the motor usually 
represents the limiting factor. The motor may be damaged 
by too high a starting current, and in particular the arcing 
on the commutator may be destructive to both the com- 
mutator and the brushes. In addition, the mechanical 
shock produced by a heavy starting current may be detri- 
mental to the whole driving system, and it should be avoided 
or at least kept at a minimum. In electronic or rectifier 
drives, and particularly in those where thyratron tubes are 
used to transmit power to the armature, the rectifier tubes 
usually constitute the limiting factor because as a nde they 
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have a very critical average- and peak-current rating which 
cannot be exceeded without risking permanent damage to 
the tubes. Thus, the factor of safety of acceleration assumes 
here an additional significance, and has to be given special 
consideration in the analysis and design of control of the 
whole process of acceleration. 

There are two main types of automatically controlled 
acceleration; (1) time-delay acceleration; and (2) current- 
limit acceleration. 

The time-delaj" acceleration is based on gradual increase 
of voltage applied to the armature of the motor, so that the 
spi'ed of the motor and the generated electromotive force 
build up more or less simultaneously with the armature 
voltage, and in that manner heavy starting current is 
avoided. The basic feature of the time-delay acceleration 
is the lack of relationship between the build-up of the volt- 
age and the speed, the voltage being increased gradually 
and independently of speed ; that is, its instantaneous value 
during acceleration 

€ =/(0 (29-46) 

is solely a function of time t 

The chief disadvantage of the time-delay acceleration is 
the lack of automatic co-ordination between the behavior of 
the armature voltage during the acceleration, and the me- 
chanical characteristic of the load, that is, the moment of 
inertia of all the rotating parts referred to the shaft of the 
motor. Thus, if the rise of the armature voltage is veiy slow 
and the WR^ of the system is low, the current in the arma- 
ture and the accelerating torque may be unnecessarily low, 
and the duration of acceleration will be unnecessarily long. 
With the exception of a few special cases where such condi- 
tions may be advantageous, this type of starting perform- 
ance is inadequate for most industrial applications. On the 
other hand, if the rise of the armature voltage during start- 
ing is relatively fast and the WK^ of the system is high, the 
safety of starting may be impaired, with current in the 
armature exceeding the permissible safe value. It is pos- 
sible, of course, to design the time-delay-starting control 
system in such a manner that it will be adapted for a par- 
ticular rotating system and give a satisfactory perfonnance 
but, if the rotating system is changed, the difficulties as 
outlined above may be experienced. 

The current-limit acceleration is a much more satisfactory 
and efficient type of controlled starting. Although that 
type of acceleration is also based on gradual increase of 
voltage applied to the armature, this voltage increase is not 
independent of the behavior of the motor, that is, its speed, 
starting current, torque, and so on. On the contrary, the 
armature voltage during the acceleration is influenced by 
the armature current, and is automatically reduced to pre- 
vent the starting current from exceeding a certain predeter- 
mined value. If the current limit is adjusted to a maximum 
safe value, the manner in which the armature voltage varies 
will be automatically adapted to the WR^ of the load; there- 
fore the acceleration will proceed in the most efficient manner 
and, for a given degree of safety, will be completed in the 
shortest possible time. The current-limit acceleration nor- 
mally can be regarded as constant-torque acceleration be- 
cause during a major portion of the accelerating period the 


armature current remains constant and equal to the prede- 
termined current limit, whereas the field current is normally 
constant, at least until base speed is reached. Thus, the dura- 
tion of the accelerating period can be expressed by the formula 

0.00325w(TFfl2) 

t ^ (29.47) 

where n = speed in revolutions per minute to which the 
motor is to accelerate 
T = accelerating torque in pound-feet 
t = time of acceleration in seconds 

In formula 29*47, WR^ in pound-feet square at the motor 
shaft is to include the moment of inertia of the load and of 
the armature of the motor itself. 

The basic diagram of a typical rectifier drive of the com- 
p)cnsated type with a current-limit-acceleration control is 
shown in Fig. 29*25. A comparison of Fig. 29-25 and Fig. 
29*22 shows that a third high-vacuum control tube 5 has 
been added to the circuit. Tube 5 is a triode or a pentode 
characterized by a sharp cut-off. Its plate-voltage supply 
is common with that of tube 3. The control-grid circuit of 
tube 5 includes the motor load-current indicating resistor 
/ilO, which is also used as a load-current indicating means 
for the //?-drop compensating (urciiit, the biasing potentiom- 
eter P4f and the grid-(airrent limiting resistor R15. The 
armature-voltage indicating resistor R5 is at the same time 
the load resistor of tube 5, being connected in the latter’s 
plate circuit between the (*athode and the negative side of 
the plate-voltage supply (through the slider of the speed- 
control potentiometer Pi). 

A closer analysis of the circuit reveals that, generally 
speaking, the action of tube 5 is just reverse that of the 
/P-drop compensating tube 4. An increasing armature 
current will tend to make the control grid of tube 5 less 
negative through the increase of the positive grid-voltage 
component across resistor PIO. Tube 5 is normally cut off 
because of sufficiently high negative grid voltage obtained 
from biasing potentiometer P4. However, when the arma- 
ture current reaches a certain critical value, tube 5 will start 
conducting, and its plate current, flowing through resistor 
P5, will make the grid voltage of the master control tube 
3 less negative. Consequently, the plate current of tube 3 
will increase, the angle of ignition of the main rectifier tubes 
1 and 2 will be delayed, and such an adjustment of the 
armature voltage will result that the current will be pre- 
vented from exceeding a predetermined limit corresponding 
to the stalled torque of the motor. 

It may be useful to repeat that within the normal oper- 
ating range of armature currents, say from no-load to 150 per- 
cent of full-load current, tube 6 does not conduct any current 
being biased off by a high negative voltage from potentiom- 
eter P4. Thus, within that range the armature current 
affects solely the /P-drop compensating tube 4, and the 
compensating action takes place in the manner described in 
Section 29-7. If, however, the armature current rises above 
a certain predetermined value, tube 5, which is characterized 
by a sharp cut-off, will suddenly start to conduct. The 
amplifying action of tube 6 and its associated circuits is 
much stronger than that of compensating tube 4 and, when 
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the current-limit tube conducts, the relative effect of the 
compensating tube is negligible. Because of the high ampli- 
fication of tube 5, the slightest increase in armature current 
above a certain critical value results in a very strong action 
opposing that increase, and the maximum possible value 
which the armature current will reach will correspond to 
stalled torque of the motor. This maximum value of cur- 
rent (current limit) normally will be higher than the critical 
value of armature current corresponding to the cut-off point 
of tube 5. 


neous value of anode current. If that value is exceeded, 
the emission of electrons from the cathode may momentarily 
become insufficient, and the positive-ion bombardment of 
the cathode may permanently damage or completely destroy 
the cathode-oxide coating. Thus, a thyratron may be 
destroyed by a single peak of current which exceeds the tube 
rating, even if the duration of the peak is as short as several 
microseconds. In previous discussions of the current-limit 
acceleration and current-limiting circuits, all the currents 
to which reference was made were average values. The 


TO CONSTANT 
DIRECT VOLTAGE 



Fir.. 29 -25 


Circuit diagram of an electronic adjiwtable-.speed compensated drive with controlled acceleration. 


It was mentioned previously that the element of safety and 
of necessary protection, involved in the problem of automatic 
acceleration of a motor, refers not only to the motor and the 
line itself but, in electronic rectifier systems, also to the 
main rectifier tubes supplying the armature, which is par- 
ticularly true if the rectifier tubes are of hot-cathode type, 
that is, thyratrons filled with either mercury vapor or inert 
gas. It must be remembered that there are two current 
ratings of those tubes, one the average-current rating, and 
the other the instantaneous peak-current rating. The effect 
of the rating of the tubes on the rating and type of the arma- 
ture rectifier will be discussed in Section 29 • 14. The theoret- 
ical background of the instantaneous-peak value of armature 
current in a controlled rectifier will be discussed in Section 
29*13. Here, the significance of the instantaneous-peak 
current in a rectifier tube will be briefly mentioned, however, 
because it involves important implications with relation to 
the process of acceleration of the motor. 

It should be recalled that the peak-current rating of a 
thyratron tube refers to a maximum permissible instanta- 


corresponding peak values of armature current arc of par- 
ticular importance from the point of view of the operation 
of tubes, and in some cases the instantaneous-peak current 
rather than the average current may constitute the actual 
determining factor of the power rating of the rectifier and 
the maximum permissible current limit. 

Although the action of the current-limiting control nor- 
mally reduces the average as well as the instantaneous-peak 
values of the current because of the existing definite rela- 
tionship between the two, the peak-current conditions dur- 
ing the initial stage of starting are of a different nature. They 
involve the inability of the current-limiting circuits to exer- 
cise control over the peak current at the very beginning of 
the accelerating process. In fact, at the instant of starting, 
when the first armature-rectifier tube begins to conduct, the 
armature current as indicated by the voltage across the 
resistor ft 10 (Fig. 29*25) is zero and, consequently, there 
can be no current-limiting action by tube 5, and no effect 
on the angle of ignition of the rectifier tubes. Even if it is 
assumed that the current-limiting circuit can take full con- 
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trol in a short time corresponding to a fraction of a half 
cycle, its action on the control grid of the conducting thym- 
tron would have no effect on the magnitude of the first pulse 
of current carried by the thyratron which started to condiict 
first. This condition is apparent from the fundamental 
principles of operation of grid-controlled rectifiers and, as a 
result, at least the first conductive half cycle in one of the 
tubes will be associated with an exceedingly high current 
peak, limited solely by the inductance and the resistance of 
the armature circuit. The instantaneous-peak currents in 
the rectifier tubes may be particularly sevcixj when the 
setting of speed-control potentiometer PI corresponds to 
a high speed of the motor. This high-speed setting will 
mean an advanced firing angle of the annature rectifiers, 
combined ^vith the lack of the counter electromotive force 
of the motor at the instant of the closure of the armature 
contactor CR. Thus, the instantaneous peak of the first 
cun-ent pulse may result in permanent damage to the tube. 
Actually, the situation is even worse because the full effect 
of the current-limiting action will be felt only after sevenil 
armature-current pulses. 

Accordingly, a special protective feature must be incorpo- 
rated in the system to provide control of starting current 
during the initial stage of the accelerating process, when the 
current-limiting action is not yet effective. The control of 
the initial stage of acceleration is accomplished by an auxil- 
iary time-delay circuit. In order not to lose the ad\'antages 
of the current-limit acceleration, the time-delay action 
should Ije of sufficiently short duration, and should 1x5 <‘on- 
fined to the initial portion of the accelerating period. 

The auxiliary circuit for time-delay acceleration is shown 
in Fig. 29*25, and it consists of capacitor C6, resistor PI 7, 
an auxiliary source of direct voltage represented by battery 
P4, potentiometer P4, and two interlocking contacts CR of 
the main contactor. When the contactor is open, the volt- 
age across P4 is equal to zero, the grid voltage of current- 
limit control tube 5 is also equal to zero, and tube 5 conducts 
full plate current. This current causes a high voltage drop 
across resistor R5 and makes the grid voltage of master con- 
trol tube 3 either zero or even positive, so that the latter 
will also conduct full plate current. The circuits are so de- 
signed that full plate current of master control tube 3, and 
the resulting low voltage across that tube, correspond to a 
complete cut-off of the main rectifier tubes. 

As a result of this interlocking, the grid conditions of the 
main rectifiers at the instant of closure of the annature con- 
tactor are such that the rectifiers cannot conduct any current. 
The voltage across potentiometer P4, which provides the 
negative bias for current-limit tube 5, is zero when the con- 
tactor closes, and does not appear immediately after the 
closure of the contactor. In fact, the voltage across P4 is 
equal to the voltage across the starting capacitor C6, and 
the latter is charged gradually through the resistor P16. 
Thus, the negative biasing voltage of tube 5 gradually reap- 
pears, and the plate current of the latter decreases. As a 
result, the plate current of master control tube 3 also de- 
creases, so that the angle of ignition of the rectifiers is grad- 
ually advanced, and they conduct a gradually increasing 
current. The current-limit tube, however, is not cut o^f com- 
pletely by the reappearance of the negative biasing voltage 


across P4 as long as the acceleration is not completed. The 
time constant of the capacitor-charging circuit is normally 
relatively short, and the armature current, initially controlled 
by the time-delay auxiliary circuit C6-P16, soon increases to 
such a value that the voltage across armature series resistor 
PIO becomes sufficiently high to influence the conductivity 
of tube 5. In that manner, the current-limiting circuits 
take over the control of the angle of ignition, and prevent 
the firing angle from being advanced too rapidly so that the 
armature voltage will be inci’cased in accordance with the 
increase in speed of the motor. The armature current will 
be kept at its limit value determined by the setting of the 
potentiometer P4. 

A typical oscillogram of the annature current during the 
controlled acceleration of a motor supplied from a symmetri- 
cal two-phase rectifier is shown in Fig. 29*26. The effect of 



Fig. 29*26 Idealized oscillogram of armature current during controlled 
acceleration. Case of discontinuous conduction for all current values. 
Number of pulsc^s in each stage r<‘duced with respect to normal con- 
ditions. 

the combined time-delay and current-limit control can be 
plainly distinguished. At first, current pulses rise gradually 
by time-delay control to full magnitude corresponding to 
the average value of the current limit. Then, the current 
d(X5s not rise any more but remains close to the limit value 
where it is controlled by the electronic current-limit system. 
Ijater, when the speed of the motor increases to a value 
approaching the steady-state speed (determined by the 
setting of PI in Fig. 29*25), the current decreases to its 
normal operating value. 

Referring again to Fig. 29*25, additional significance of 
the interlocking contacts of the auxiliary time-delay accel- 
erating circuit should be noted. Contact CR(l) breaks the 
circuit of torque-control potentiometer P4 so that, when 
the main contactor is being opened, tubes 5 and 3 start to 
conduct full plate current, and the main rectifier tubes are 
cut off, even before the contactor has time to drop out com- 
pletely. Consequently, any arcing which may have started 
across the main annature contacts on opening of the con- 
tactor will be suppressed immediately by the rectifier tubes. 
In order to eliminate any traces of arcing on the main con- 
tacts, an additional starting relay may be added. This relay 
would open the circuit of P4 a couple of cycles before the 
main contactor starts to drop out and, in that manner, the 
armature current will be actually interruptl^ by the main 
rectifiers, and not by the contactor. Contact CR{2) closes 
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when the main contactor is deenergized, and capacitor C6 spending to the current limit of the system. The critical 


is discharged when the motor is being stopped. In that 
manner the starting circuit is reset for the next operation. 
It is obvious that the armature current-limiting control 



PERCENT RATED ARMATURE CURRENT 

Fig. 29*27 l^iffect of action on spoed-torque char- 

actorisUcs. lllastration of current-limit “.sharpness/' Anax. ** 2/r, 

Ic = 1.5/r. 

operates not only during starring of the motor but also on 
overloads, when the armature c.urrent increases beyond its 
critical value. 

The critical valu^^ of armature current Ic is defined as the 
average value of load current which corresponds to the cut- 
off point of current -limit tube 5. The current limit /„,ax is 
the maximum value of average load current obtainable under 
the given conditions, and corresponding to the stalled torque 
of the motor. The ratio of the current limit to the differ- 
en(?e between the current limit and the critical value of 
armature current may be called the ‘^sharpness^^ of the 
current-limiting action of the system : 



where /max > Ic- An ideal current-limiting system is char- 
acterized by /max = /r or S = oo . 

The sharpness of the current limit has a great influence 
on the spccd-toniue characteristic of the dri^'e. This be- 
comes apparent if one considers that a low sharpness 
means that the current-limiting element (tube 5) will con- 
duct over a wider range of load currents, and may lower the 
armature voltage with increasing current even for normal 
operating values of torque. For proper operation, the 
critical value of current should be higher than the rated 
current, h > I r- U L = 0, tube 5 will conduct over the 
entire range of load currents, and the current-limit sharpness 
will be equal to unity. In that case, exc^eedingly drooping 
speed-torque characteristics will be obtained. Normally, a 
current-limit sharpness equal to 4 or higher may be con- 
sidered satisfactory. 

The current-limiting action on overloads and the signifi- 
cance of its sharpness are illustrated by means of two graphs 
in Fig. 29-27. The graphs repi-esent normal speed-torque 
characteristics of the drive, drawn beyond the rated value 
of current and up to the stalling point of the motor, corre- 


and limit values of armature current Ic and /„,ax marked 
in Fig. 29*27, and their significance, as well as that of the 
current-limit sharpness, can be readily understood. 

29-9 MODIFICATIONS OF BASIC CIRCUITS FOR 
COMPENSATED DRIVES 

In Sections 29*6, 29*7, and 29 *8 several basic networks 
for a controlled-rectifier drive were described, and their 
operation and significance were discussed in detail (see Figs. 
29-21, 29*22, and 29*25). These networks represent con- 
trols for armature-voltage regulation (Section 29*6), arma- 
ture-voltage-drop compensation (Section 29-7), armature- 
current limitation (Section 29*8), and time-delay accelera- 
tion (Section 29*8). There is, of course, a number of possible 
modifications of these circuits, and some of them may pre- 
sent different advantages over the others. Some of the most 
important modifications of particular practical usefulness 
will be briefly discussed in this section. 

The diagram shown in Fig. 29*28 represents the basic 
power circuits for armature control as well as the pluise- 
shift circuit of the typo described in previous sections. The 
electronic-control network is shown symbolically. A com- 
parison of Fig. 29*28 with the diagram described in the 
preceding section (Fig. 29-25), will show the following dif- 
ferences. The armature-current indicating resistor R\0 
shown in Fig. 29*25 is eliminated in Fig. 29*28, and the 
current indication is obtained by means of an auxiliary recti- 
fier (urciiit (5onsisting of transformer T3, double-anode rec- 
tifier tube 0, filtering capacitor C7, output resistors Kid and 
^20, and a protective resistor R\7. 

Transformer T3 is fundamentally a current transformer 
operated at secondary voltages much higher than is the 
normal practice. It has two primaiy windings, and a uni- 
directional pulsating current flows through each of these 


Tl 



Fig. 29*28 Simplified circuit diagram of a rectifier drive \vith trans- 
former-type load-current indication. 


windings because the current is rectified by the main arma- 
ture rectifiers, tube 1 and tube 2. The two primary windings 
are connected in such a manner that an alternating magnetic 
flux is produced in the core, so that, even with continuous 
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current in the armature, saturation of the transformer is 
av oided. The equivalent load resistance of the transformer 
circuit is in general high, and the alternating voltage across 
the secondary winding may be of the order of several hun- 
di'ed volts. The secondary voltage is in general proportional 
to the primary current, that is, proportional to the load cur- 
rent of the motor. The alternating voltage across the second- 
ary winding of the current transformer T3 is rectified in a 
conventional manner by means of a high-vacuum, double- 
anode rectifier tube 6. Because the rectified voltage con- 
tain.s an objectionable do\ible-freciuency ripple, the purpose 
of capacitor C7 is to reduce the effect of this ripple. A 
portion of the rectified voltage across resistor -ftl9 is intro- 
duced into the electronic-control network, so that it forms 
the positive grid-voltage component of both //S-drop com- 
pensating tube and current-limiting tube (see Fig. 29*25). 

Although the armature-current indicating circuit in Fig. 
29*28 is more complex than the simple way of obtaining 
current indication through the series resistor RIO (Fig. 
29*25), the current-transformer type of circuit has a num- 
ber of advantages. Larger currents can be handled more 
readily through a current transfonner than through a series 
resistor, whose resistance will have to become very small 
in order to avoid excessive power losses. The current- 
transformer circuit provides ample amplification, whereas 
the voltage drop acro.s.s series resistor must be kept low in 
order not to dissipate too much power. 

There is still another important advantage of the trans- 
former-type current-indicating circuit. Figure 29*25 shows 
that resistor R5, which is part of the voltage divider across 
the armature and constitutes the armature-voltage feedback 
element, is also used as a load resistor for the current-limit 
tube 6. In order to obtain adequate amplification of the 
current-limit control circuit, the resistance of R5 must be at 
least 30,000 to 50,000 ohms. If it is lower, the sharpness of 
the current-limiting action will be impaired. On the other 
hand, it will be recalled that resistor R5 is in the grid circuit 
of the armature thyratron tubes. The grid current of thyra- 
tron tubes 1 and 2 flows through R5 and produces a voltage 
drop which tends to deci’ease the amplification of the system 
since it upsets the proper voltage distribution across resistors 
/24 and R5, This additional grid-current voltage drop 
should be kept as low as possible, and therefore the resist- 
ance of R5 should be low. 

The contradictory requirements outlined in the preceding 
paragraph can be easily reconciled in the current-trans- 
former t 3 rpe of the armature-current indicating circuit sho^^^l 
in Fig. 29*28. In this circuit the two previously described 
functions of resistor R5 can be separated. Resistor /?5 will 
be used solely as an armature-voltage indicating resistor, 
and its resistance can be low, 1000 or 1500 ohms for example, 
so that the voltage drop across R5 caused by the grid current 
of tubes 1 and 2 will negligible. On the other hand, the 
coupling resistor between circuits of the current-limit tube 
and the master control tube can now be moved out of the 
grid circuit of the main rectifier tubes, and its resistance can 
be made much higher, of the order of 100,000 to 250,000 ohms 
(resistor R2l in Fig. 29*28). In th0 way, the amplification 
of the current-limit control can be increased, and the sharp- 
ness of the current-limiting action improved. 
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Another important possible modification of the control 
network relates to the //2-drop compensating circuit. Theo- 
retically, it is possible to obtain a voltage directly propor- 
tional to the electromotive force of a d-c motor by a proper 
combination of two voltages, one proportional to the arma- 
ture voltage and the other proportional to the armature 
current. Essentially, the same thing has been accomplished 
in the circuit for a compensated drive described in Section 
29*7 (see Fig. 29*22). In the simpler modified circuit, 
however, the //2-drop compensating tube is omitted, and 
the combination of the two voltages is fed directly into the 
grid circuit of master amplifier tube 3. 

An electromotive-force indicating circuit for a shunt- 
wound motor with constant field excitation is shown in Fig. 
29*29. From that figure, it is easy to calculate that the 
indicating voltage Ei is directly proportional to the electro- 
motive force of the motor Eg, if the voltage across /25 is 
equal to 

(29*49) 

R + r 

Then, the indicating voltage is: 

Ei^-/—Eg (29*50) 

/2 + r 

where Ed~c = armature-supply voltage 

Eg = electromotive force of the motor 
r = resistance of the scries current-indicating re- 
sistor 

R = armature resistance. 

Although the modified feedback circuit shown in Fig. 
29 • 29, as well as the omis.sion of tube 4 represents a simpli- 
fication of the system, the practical usefulness of such a 


D-c 

SUPPLY 



Fig. 29*29 Circuit for indication of the electromotive force of a d-c 
shunt- wound motor with constant excitation. 

scheme is limited by several factors. For small motors of 
horsepower and below the armature resistance is gen- 
erally so high and the natural speed regulation of the motor 
so poor that, in order to obtain a constant-speed charac- 
teristic of the drive, an additional amplifier stage is required. 
This amplifier stage may be provided by an electronic tube 



Chapter 29 


Field Rectifiers and Control 


557 


in a circuit as shown in Fig. 29*25, or by the transformer- 
type current-indicating network, described previously in 
this section. For motors larger than 1 horsepower the 
stabilization of the system with indicating circuits as in 
Fig. 29*29 is, generally speaking, more difficult. 

The current-transformer type of indicating feedback 
circuit (Fig. 29*28) can be used directly in combination with 
main amplifier tube 3, without the intermediate //i-drop 
compensating tube 4 (Fig. 29*25). The performance and 
stability of such a system are generally much better than 
those of the system using the indicating circuit shown in 
Fig. 29*29. 

29-10 FIELD RECTIFIERS AND CONTROL 


equipment which operates in combination wdth a system of 
rotating machines, other than the driving motor itself, is 
discussed in Chapter 30. 

Figure 29*30 represents a typical symmetrical two-phase 
phanotron-rectifier circuit for the field supply of a motor. 



Fig. 29*30 Circuit diagram of a synuiietrical two-plia.se field rectifier 
using two phanotron tubes. 


Most of the previous sections dealt exclusively with arma- 
ture control of d-c motors, and in Sections 29*5, 29*6, 29*7, 
and 29*8 it was assumed that field excitation of the motor 
is supplied from a source of constant direct voltage. Nor- 
mally, in electronic drives the field excitation is provided 
from a rectifier which may be of either a controllable or a 
non-controllable type. 

In general-purpose electronic drives, field rectifiers and 
their controls do not present as many problems as armature 
circuits. In the first place, the currents to be handled by field 
rectifiers are in general much lower than armature (airrcnts. 
Secondly, the load^ circuit is of the high-inductance type, 
and thus provides an increased filtering action. Thirdly, 
since the speed range by field control is very rarely wider 
than 3 to 1, the range of field-current control usually does 
not exceed 5 to 1. The most important feature of field 
rectifier, however, is that the resistance of the load circuit, 
in contrast with that for armature rectifiers, is high, and is 
the natural limiting factor for the current. In armature 
re(!tificrs the situation is complicated by the presence of the 
electromotive force of the motor, which plays a predominant 
part in determining the behavior of the current, and calls 
for special means for current control (current limit). 

In view of the above, three-phase rectification is normally 
not required for field-current supplies, mainly because of 
the relatively low currents involved, and the filtering action 
of the load. Furthennore, in most general-purpose elec- 
tronic drives there is no particular need for field-current or 
field-voltage regulation or elaborate controls because in this 
case only a-c line-voltage variations arc important as a 
factor affe(!ting the speed of the motor through its field cur- 
rent. However, this effect is partly compensated by the 
simultaneous influence of armature controls. Only some 
special types of electronic drives may require an elaborate 
field control, particularly if the latter is used as part of the 
motor-speed regulating system. 

A separate group of motor controls consists of rectifier 
field supplies (controlled rectifier exciters) and electronic 
regulators, combined \vith motor-generator sets for armature- 
voltage supply, rotating exciters, and the like. Although 
that kind of equipment may also be classed as electronic 
motor control, it is not covered in this chapter, which deals 
primarily with systems where both armature and field cir- 
cuits of the motor are supplied from an electronic rectifier 
and controlled electronically. The electronic field-control 


The circuit shown in Fig. 29*31 is a single-phase, half-wave 
rectifier (tube 1) with a discharge tube 2 connected across 
the field winding. Here, advantage is taken of the high 
inductance of the field winding, so that the current from the 
transformer flowing through tube 1 during the positive half 
cycle is maintained by the high inductance of the field wind- 
ing and flows through the discharge tube 2, after tube 1 has 
stopped conducting. In other words, the energy from the 



Fig. 29*31 Circuit diaKram Fig. 29*32 Circuit diagram of 

of a single-phase field ri'ctifier a single-phase field rectifier with 

using one phanotron as a rec- a discharge element. Two thy- 

tifier tube and another phano- ratrons are connected to perform 

tron as a field-discharge tube. as phanotrons. 

transformer, stored in the magnetic field during the con- 
ductive periods of tube 1, is being discharged through tube 2 
during the non-conductive periods of tube 1. In this manner, 
a continuous flow of field current is obtained, and the a-c 
ripple is very moderate. Figures 29 *30. 29 *31, and 29*32 
represent rectifiers for constant field. When the field of the 
motor is to be adjustable to provide speed control, controlled 
rectifiers, as shown either in Fig. 29*33 or in Fig. 29*34, are 



Fig. 29*33 Circuit diagram of a symmetrical two-phase, adjustable 

field rectifier. 


used. The circuit in Fig. 29 * 33 is a conventional symmetrical 
two-phase, half-wave controlled rectifier, and the circuit in 
Fig. 29*34 is a controlled rectifier of the single-phase dis- 
charge type, analogous to the one in Fig. 29*31, described 
previously. 
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The conventional rectifier circuit shown in Fig. 29*«33 
does not recjuire any particular discussion since it has already 
been described in Sections 29*3 and 29*5. However, the 
discharge-type circuit in Fig. 29*34 calls for additional 
attention. It is apparent that this circuit is simpler than 
the conventional circuit in Fig. 29*33. The wave shape of 
the field current obtained in a single-pliase rectifier system 



Fio. 29*34 Circuit diagram of a single-phase adjustable field rectifier 
with a field-discharge plmnotron. 

with a discharge clement is shown in Fig. 29*35. It will l)e 
noted in Fig. 29*35 that rectifier tube 1 is conducting over a 
period ABy and that discharge tube 2 breaks down at point 
By where the electromotive force generated in the field 
inductance and acting in the direction to sustain the current 
flow, becomes sufficiently high. The discharge tube then 
conducts over period BCy until the rectifier tube starts to 
conduct again at some instant (point C) during the positive 
half cycle of the transformer voltage. The angle of ignition 
of rectifier tube 1 is controlled in a conventional manner. 

Because of the presence of the discharge circuit, the re- 
quired secondary voltage of the field-supply transformer can 
be calculated from the simple formula for single-phase half- 
wave rectification: 

E, = 2.22(AV, + 15) volts (29*51) 


where Ed-e is the required maximum field voltage. 

An example of a control circuit for the field rectifier of a 
general-purpose electronic drive is shown in Fig. 29-36. 



ABC 

TIME* 

Fig. 29-35 Current wave shape in the inductive load cinruit of a 
single-phase rectifier \iith discharge tube. (See Fig. 29*34.) 

The rectifier is connected in accordance with the circuit in 
Fig. 29*34, and the control of the angle of ignition of 
tube 6 is of the vertical type, described in Section 29*5. 
Resistor R3 and capacitor C3 are part of the conventional 
phase-shift circuit, and the alternating voltage between 
points A and B (Fig. 29*36), introduced into the grid circuit 
of the field-supply thyratron, is pennanently lagging in phase 
the alternating anode-supply voltage by about 90 degrees. 
In addition to that a-c component, an adjustable d-c com- 
ponent of the thyratron grid voltage is developed between 
points B and C. The d-c component consists of the following 
voltages (tracing the circuit in the direction from the cathode 
to the grid) : negative voltages across"7^5 and PI and positive 
voltages across P25, P8, and PI A. 


The most important part of the circuit is the one con- 
sisting of potentiometers 7^1 and PIA . The former is the 
well-known armature-voltage speed-control potentiometer, 
whose significance was described in previous sections (see 
Fig. 29*25), and the latter is the field-current speed-control 
potentiometer. The sliders of the two speed-control poten- 
tiometers 7^1 and PIA are coupled mechanically or mounted 
on the same shaft, and can be controlled simultaneously 
from the same control knob. Both potentiometers PI and 
PIA have center taps, and jumpers are connected across 
the right-hand half of 7^1 and the left-hand half of 7^1A. 
Since currents carried by sliders are negligible, it may be 
assumed that there is no voltage drop between any two 
points in the right-hand half of potentiometer 7^1 or in the 
left-hand half of potentiometer PIA. Thiis, potentiometer 


Tl 



Fig. 29 -3G Circuits for field control of a general-purpose rectifier drive. 

PI becomes ineffective when its slider is operated over its 
right-hand half, while the same applies to the left-hand half 
of potentiometer 7^1 A. In this manner, the total range of 
the single speed-control dial is divided into halves. The 
first, from 0 to 50 percent rotation of the slider, is the arma- 
ture-voltage speed-control range, and the second, from 50 
to 100 percent rotation, is the field-current speed-control 
range. When the speed-c^ontrol knob is turned from setting 
0 to setting 50, the armature voltage is increased, and the 
speed increases from its minimum to its base or rated value. 
At the same time, the field current of the motor remains 
constant at its full rated value. When the knob is turned 
beyond setting 50, the armature voltage stays constant at 
its full value, the field is gradually weakened, and the speed 
will increase above its rated value to a maximum speed corre- 
sponding to setting 100 of the dial. The operation of poten- 
tiometer PIA to produce weakening of the field current can 
be easily understood if it is noted that the voltage across 
that potentiometer represents the adjustable 'positive d-c 
component of the thyratron grid voltage. Consequently, 
the clockwise rotation of the slider of PIA over the right- 
hand portion of the potentiometer will decrease the positive 
component of the thyratron grid voltage and reduce the out- 
put of the field rectifier (Fig. 29*36). 

Two important requirements must be considered in order 
to obtain satisfactory field control. The first is that, when 
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the motor is being started by pushbutton control, and the 
speed-control knob is turned beyond setting 60 (when the 
motor is to accelerate to a speed corresponding to a properly 
weakened field), the field current should be weakened only 
after the motor has accelerated to the base speed. In other 
words, the motor should always start with full field excita- 
tion in order to develop high starting torque, regardless of 
what the ultimate excitation of the field is to be. The second 
reejuirement is the proper range of control exercised by 
potentiometer P\A, so that the weakening of the field current 
will start as soon as the slider of P\A is moved teyond setting 
50 in the clockwise direction, and the recpiired top speed is 
attained for the extreme cloc;kwise position of the slider. 

These two requirements are fulfilled by proper distribu- 
tion of direct voltages in the voltage divider consisting of 
/i24, PI Ay PSy and /^25, as well as by means of a special 
starting relay ICR (Fig. 29-3(5), The coil of relay ICR is 
connected across the armature of the motor, and is so de- 
signed that the relay will become energized when the arma- 
ture voltage is just a little less than its rated value, corre- 
sponding to the base speed of the motor. As will be recalled 
from Section 29-8 on controlled ac(;eleration, the armature 
voltage during the initial stage of acceleration is low because 
of the action of the current-limit control, and it increases 
gradually as the speed of the motor builds up. By the time 
the armature voltage approaches its rated value, the motor 
has accelerated to, approximately its base speed. C.^onse- 
quently, starting relay ICR remains open until the motor 
reaches its base speed, and the (;losurc of that relay, after 
the base speed is reached, is used as an indication that the 
control of the field current may now begin. 

Figure 29-36 also reveals that the normally open contact 
of relay ICR is connected across resistor R25. When relay 
ICR is deenergized, the positive thyratron grid-voltage 
component across R21S is sufficiently high to make field 
thyratron tube 6 fire at a highly advaiK^ed angle, so that a 
full field current is obtained regardless of the setting of 
potentiometer PIA and rheostats P7 and PS, When, during 
the acceleration of the motor, the armature voltage is in- 
creased to its rated value, relay iCR will close, and its con- 
tact will remove resistor R2^ from the circuit. In this man- 
ner, the total positive component of the thyratron direct 
grid voltage will be reduced. If rheostats P7 and PS are 
properly adjusted, the total positive direct-voltage com- 
ponent across PIA and PS will be of such magnitude that, 
when the slider of PIA is in the middle position, the resultant 
direct-voltage component in the thyratron grid circuit will 
be positive and just about equal to the amplitude of the 
alternating-voltage component. These adjustments will 
assure a properly narrow ‘‘dead zone'^ of control; that is, 
the field current will be weakened as soon as the slider of 
PIA passes over the center tap if, of course, relay ICi? is 
closed at that time. Furthermore, the total positive direct- 
voltage component should be divided between PIA and PS 
in such a manner that, with the slider of PIA in its extreme 
clockwise position, the positive direct-voltage component 
will be reduced, or even made sufficiently negative, to reduce 
the field current to a value corresponding to the required 
maximum speed of the motor. This division of voltages can 
be adjusted by means of rheostat P7. The two additional 


rheostats in Fig. 29-36, P5 and P6, are part of the armature- 
control system. Although these two elements are not show n 
in Fig. 29-25, they play a rather important part as minimum- 
speed and base-speed adjustments of armature control. In 
fact, P5 has exactly the same function as resistor RQ in 
Fig. 29-25. Making R9 adjustable permits the selection of 
the desirable minimum motor speed, corresponding to coun- 
terclockwise setting of armature speed-control potentiometer 
PI. On the other hand, the slotting of rheostat P6 deter- 
mines the voltage across armature speed-control potentiom- 
eter PI and, consequently, the maximum armature voltage 
obtainable by adjustment of PI. 

29-11 ELECTRONIC DRIVE OF TACHOMETER- 
GENERATOR TYPE 

In preceding sections, circuits and characteristics of an 
electronic /P-drop compensated drive w ere described in con- 
siderable detail. In Section 29 -7 it was also mentioned that 
a much higher accuracy of speed regulation can be obtained 
if a tachometer generator is used to indicate the speed of the 
motor directly, instead of the aimature voltage-current 
indirect method of speed indication, which may be subject 
to various errors. 

The main disadvantage of a tachometer-generator type 
of drive is the necessity to provide an additional small rotat- 
ing machine and couple it to the shaft of the motor, some- 
times through a speed-increasing gear. The application of a 
tachometer generator usually calls for a special motor wdth 
a double shaft extension. How ever, if a high degree of speed 
accuracy is required, and if the speed-control dial is to be 
calibrated, for example, in revolutions per minute or feet 
per minute, the tachometer-generator type of electronic 
drive is certainly the one to be used. The most important 
advantages of this type of drive are: 

1. The accuracy of speed regulation w ith varying torques 
is of the order of of 1 percent at base speed, and about 
3 percent at 3^io of the base speed of the motor. 

2. The consistency of speed setting is very good, and the 
speed-control dial may be (‘alibrated with a high degree of 
accuracy. 

3. The influence of line-voltage variations and of tempera- 
ture changes of the motor armature and field windings 
is reduced to a minimum. 

4. Circuits and initial adjustments of the drive are sim- 
plified. 

Of all the types of tachometer generators the most suitable 
is the direct-voltage permanent-magnet type, since it does 
not require any separate excitation or additional amplifica- 
tion and rectification of its output voltage. Besides, tachom- 
eter generators of the permanent-magnet type usually have 
an excellent voltage-speed characteristic. Not only the 
output voltage is directly proportional to speed (for low 
output currents), but the characteristic is also practically 
independent of temperature, and in general is very con- 
sistent. The voltage output per unit speed is relatively 
high, and amounts to about 50 volts per KXK) revolutions 
per minute, as compared to 6 or 10 volts per KXX) revolu- 
tions per minute for a typical a-c tachometer generator. 
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A circuit diagram of a tachometer-generator typo of elec- 
tronic drive is shown in Fig. 29 -37. Like all the preceding 
diagrams, the one in Fig. 29-37 is simplified to include solely 
the elements necessaiy for the proper explanation of the 
operation of the system. Accordingly, all auxiliary power 
supplies arc represented by batteries, cathode heaters of all 
electron tubes are omitted, and some of the filtering and 
by-pass circuits are simplified. The system shown in Fig. 
29-37 provides constant shunt-field excitation and all the 
basic features of annature control, that is, close speed regu- 
lation, wide stepless range of speed adjustment, and the 
curixmt-liniit control of starting and overloads. 
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speed indication is obtained directly from the tachometer 
genemtor, there is no need for any //2-drop compensation. 
Armature-voltage control and speed regulation are obtained 
through main control tube 6. The plate circuit of tube 6 
comprises the d-c supply B1 and the load resistor 727. The 
grid circuit of tube 6 can be traced through 7215, 7^1, 7211, 
7212, P3, and 728. The grid-control circuit of armature 
thyratrons 1 and 2 includes an a-c component obtained from 
grid transformer T2. The primary of this transformer is 
connected to a phase-shift cinjuit R3-C^y and the alternating 
voltage applied to the grids of tubes 1 and 2 is lagging in 
phase the alternating anode-supply voltage by 90 to 115 



Fio. 29-37 Circuit diagram of a tachometer-generator type of electronic drive with controlled acceleration for high-accuracy armature control 


The system sho\m in Fig. 29-37 represents a typical speed 
regulator and has all the four regulator elements discussed 
in Section 29 - 6. The speed of the motor is indicated by the 
tachometer generator through its direct output voltage, 
proportional to the speed. This direct voltage, appearing 
across resistor 7211, is compared with the adjustable standard 
reference voltage provided by potentiometer PI, and the 
difference of these two voltages is amplified by means of 
tube 6. The amplified changes in tachometer-generator 
voltage control the armature-supply thyratrons, thus form- 
ing the restoring force which opposes any change in motor 
speed caused by such conditions as changes in torque and 
temperature. Here, again, the closed cycle of interdepend- 
ence of quantities, as discussed in Section 29 -6, should be 
emphasized. This cycle is shown symbolically in Fig. 29-38. 

With reference to diagram in Fig. 29-37, it will be noted 
that the armature-rectifier circuit is of the same conven- 
tional type as that described in earlier sections. Since the 


degrees. In addition to the a-c component, the grid circuit 
of thyratrons 1 and 2 contains a variable d-c component 
developed between points B (center tap of the grid trans- 
former) and A (common-cathode connection of the main 
rectifier tubes). This d-c component consists of a constant 
positive direct voltage across 7213 and a variable negative 
direct voltage across 727. Since 727 is the load resistor in 
the plate circuit of main control tube 6, the firing angle of 
thyratrons 1 and 2 is delayed when the plate current of 
tube 6 is increased and, conversely, the firing angle of the 
thyratrons is advanced when the plate current of tube 6 is 
decreased. This portion of control is quite similar to that 
described in Section 29-6. 

By referring again to the grid circuit of main control 
tube 6, it will be seen that the standard reference voltage of 
the regulating system is provided by d-c supply J52, and 
consists of the voltage across 7215 and the adjustable voltage 
across a portion of PI. This reference voltage is negative 
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with respect to the control grid of tube 6, and is opposed by 
the positive direct voltage across fill, which is proportional 
to the speed of the motor. The standard reference voltage 
is always higher by a few volts than the speed-indicating 
voltage and, as a result, a net negative voltage of several 
volts is applied to the grid of tube 6. 

In accordance with previous considerations, a balance of 
the regulating system is obtained in such a manner that 
any change in the speed of the motor caused, for example, 
by a change in load torque will bring about a reaction of all 
elements of the closed cycle in the direction to oppose any 
change in the regulated quantity. Thus, for instance, a 
slight decrease in motor speed will result in a decrease of 
the speed-indicating voltage (Bll), which will further cause 
a decrease in the plate current of tube G. Consequently, 
the direct voltage across R7 will decrease, and the angle of 
ignition of the thyratron tubes will be advanced to cause 
an increase in the armature voltage, so as to oppose the 
change in motor speed. Because of the high amplification 
of the system, even a very slight change in motor speed 
will cause the appearance of a strong restoring force through 
the change in voltage across R7 and the change in the angle 
of ignition of thyratron tubes 1 and 2. As a result, the 
steady-state speed of the motor may deviate from the pre- 
scribed value, which corresponds to a given setting of speed- 
control unit PI, only to a very slight degree, which in terms 
of a percentage of speed may be called the error of the 
regulator. 

It becomes apparent from Fig. 29-37 that a change in 
setting of reference-voltage potentiometer PI will result 
in a new balance of the system. Thus, the increase in the 
reference voltage will cause a momentary decrease in the 
plate current of tube 6 and a decrease in voltage across P7, 
so that the angle of ignition of the thyratrons will be ad- 
vanced, the armature voltage will be increased, and the 
motor will accelerate until a new balance is established. It 
should he remarked at this point that, because of high 
system amplification, the actual net difference of the refer- 
ence voltage and the speed-indicating voltage will change 
in a hardly noticeable manner, so that the plate current of 
tube 6 will remain within the oj)erating range of the amplifier. 

Tube 5 and its allied circuits represent the armature 
current-limit control, whose principles have been discussed 
in Section 29 • 8. The armature-current indication is obtained 
by means of transformer 7"3, whose primaiy current wind- 
ings are marked P3P, and wdiose secondary voltage winding 
is marked T^S (Fig. 29-37). The functions of this trans- 
former have been described in more detail in Section 29-9. 
The direct voltage across P6, obtained from rectifier tube 7, 
is proportional to the armature current of the motor. In 
addition to the positive voltage across P6, the grid circuit of 
current-limit tube 5 contains an adjustable negative bias 
voltage provided by P2 and obtained from an auxiliary 
direct-voltage supply B3. R12 and Pll represent the coup- 
ling resistors between the plate circuit of current-limit tube 5 
and the grid circuit of regulator tube 6. It will be remem- 
bered that, for normal operating values of the armature 
current, tube 5 is biased off by the negative voltage from 
P2 and does not conduct any current. When the armature 
current becomes high and exceeds a certain critical value, as 


during acceleration or overload of the motor, tube 5 w ill 
start to conduct and, as a result, the additional positive 
voltage appearing in the grid circuit of tube 6 across P12 
and Pll will have a very strong delaying effect on the firing 
angle of the armature thyratrons. The operation of the 
current-limit circuits and the significance of the elements 
associated with P2 and B3 have been described previously. 

Any high-gain regulating system may be subject to sus- 
tained oscillations, which sometimes are referred to as ^‘hunt- 
ing.^' Oscillations in a regulating system may develop 
because of various time delays caused by different inductances, 
capacitances, and the mechanical inertia of the system. If 
the amplification is high, the so-called overshooting will 
result, and sustained oscillations may develop. In order to 



Fig. 29-38 Graphic representation of closed cycle of the speed reg- 
ulator. 

stabilize the system, and at the same time maintain a reason- 
ably high amplification, an ‘^anti-hunting^^ or damping 
arrangement must be used. A typical damping system 
should respond to the rate of change of one of the quantities 
involved, in such a manner that a fast change in that quantity 
will create a transient damping force acting in the direction 
opposite to that of the restoring force. The most important 
principle of the damping system is that the magnitude of 
the transient damping force is directly proportional to the 
rate of change of one of the quantities in the system, and 
not to the change itself. For this reason, the restoring force 
will be initially opposed by the transient damping force, and 
too abrupt changes in the system, which cause oscillations, 
will be prevented. 

In Fig. 29-37 the anti-hunting circuit consists of current- 
indicating transfoimcr T3, rectifier tube 7, resistors 7?5 and 
-R6, capacitor C4, and potentiometer P3. It has been indi- 
cated previously that a direct voltage proportional to the 
armature current of the motor appears across RQ, Capacitor 
C4 prevents any direct-voltage component from appearing 
across -P3, that is, in the control-grid circuit of main amplifier 
tube 6. If, however, the system tends to oscillate, the 
armature current as well as the voltage across R6 will be 
subject to a fast change, and capa(‘ltor C4 will cause a tran- 
sient current to flow in the circuit consisting of C4, 7^, and 
RQ, This transient current will be either a charging or a 
discharging current of capacitor C4, depending upon the 
sign of the rate of change of the voltage across 726. The 
magnitude of this transient current will depend upon the 
magnitude of the rate of change of the armature current, 
that is, of the voltage across 726. Thus, a transient damping 
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voltage will appear across P3. A portion of potentiometer 
P3 is in the control-grid circuit of tube 6, and the transient 
damping voltage will act in such a way as to oppose a fast 
change in the armature current. As an example, let us con- 
sider the case where the armature current tends to increase 
at a high rate of change. The voltage across R6 will also 
increase in the same way, and a charging current of capacitor 
C4 will flow through P3, causing the appearance of a transient 
positive voltage in the grid circuit of tube 6. The magnitude 
of this grid voltage will depend upon the rate of change of 
the armature current and upon the setting of potentiometer 
P3, which thus may he used to adjust the amount of anti- 
hunting action in the system. A transient positive voltage 
in the grid circuit of tube 6 will cause a momentary increase 
in its plate current, and the angle of ignition of the armature 
thyratrons 1 and 2 will be delayed, opposing temporarily 
the increase in armature current. 

29-12 mSTANTANEOUS-PEAK VALUE AND FORM 
FACTOR OF THE ARMATURE CURRENT 

The wave shape of the armature current in a rectifier drive 
was discussed in Section 29-3, where the equation of the 
current pulse (equation 29-7), as well as graphs of the pulse 
(Fig. 29-6) were given. It is important to note that the 
current in the annature of the motor always has a pulsating 
character so that the a-c component of the current wave is 
veiy considerable, even when the individual pulses of cur- 
rent join and a continuous conduction of the rectifier is 
obtained. 

From the analytical point of view, three concepts of cur- 
rent are to be considered, and each of these concepts plays 
an important part as a factor determining the operating 
conditions and the rating of the drive. These three concepts 
are: the average value, the instantaneous-peak value, and 
the rms value of the armature current. The definitions of 
the three values of current arc well known from the general 
a-c theory, and apply here without modification. However, 
the significance of each of the three concepts, when ap- 
plied to pulsating armature currents, should be analyzed 
in more detail. 

In Fig. 29 • 39 are sho\vn three typical cases of the armature- 
current wave shape. Figure 29*39 (a) represents a case of 
discontinuous current in the armature, where individual 
current pulses are distinct, and zero-current gaps exist be- 
tween them. In Fig. 29 *39 (b) a border case is sliown, where 
the current pulses just join, but the instantaneous values of 
current in each pulse start from zero and drop to zero. Fig- 
ure 29*39 (c) shows a typical case of continuous armature 
current, where commutation of load current from one tulie to 
another takes place. The graphical significance of the 
average, instantaneous-peak, and rms values of current is 
indicated in the three parts of Fig. 29*39. 

The average value of armature current is the d-c com- 
ponent of the periodical time function represented graph- 
ically in Fig. 29*39. This value has the greatest practical 
significance because it determines the average torque and 
the horsepower developed by the niotor, and appears in all 
conventional calculations. In previous considerations,' and 
in particular in Sections 29*2, 29*3, 29*4, 29*7, and 29*8, 
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average values were usually meant wherever reference was 
made to armature current or voltage, and in Section 29*3 
analytical methods for calculation of average values of cur- 
rents and voltages for controlled rectification were discussed 
in detail. 

The instantaneous-peak value of armature current is of 
vital interest from the point of view of behavior and proper 
selection of the main power-rectifier tubes. As already men- 
tioned in Section 29*8, controlled-rectifier tubes of the 



Fio. 29*39 (a) Typical wave shape of armature current for discontin- 
uous conduction of the rectifier. 



Fig. 29*39 (b) Wave shape of armature current for the critical case 
of conduction of the re(!tifier. 



Fig. 29*39 (c) Typical wave shape of armature current for continuous 
conduction of the rectifier. 

thyratron type are particularly sensitive to instantaneous- 
peak currents, and if the peak currents exceed the rated 
value for a given type of tube, the tube may be permanently 
damaged, even if the average-current rating of the tube has 
not been exceeded. Some thyratron tubes of the older type 
have a 6-to-l or 8-to-l ratio of instantaneous peak-current 
rating to average-current rating, but most of the modem 
thyratrons have a peak-to-average current ratio as high as 
12 to 1. 

In spite of such high peak-to-average current ratios, the 
condition in which the peak current in a tube exceeds the 
tube rating, although the average current is not excessive, 
can be created, particularly in polyphase, half-wave rectifier 
drives. It should be remembered that in half-wave poly- 
phase rectifiers the average current in each rectifsdng ele- 
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ment is obtained by dividing the average value of load 
current by the number of rectifying elements p: 



V 


(29-62) 


and, consequently, for a given load current the average 
current per tube can be reduced by increasing the number 
of phases p of the rectifier. The instantaneous-peak current, 
however, carried by each rectifying element is always equal 
to the instantaneous-peak current in the load circuit. There- 
fore, in polyphase rectifier drives the factor determining the 
rating of a given combination of rectifying elements is not 
only the average current-carrying capacity of each tube, but 
often their instantaneous peak-current rating. 

In view of these considerations, it becomes apparent 
that calculations leading to the determination of the instan- 
taneous-peak value of armature current, particularly in the 
more severe case of discontinuous conduction, are of con- 
siderable interest. Especially in thyratron drives, the 
instantaneous-peak current in tubes may be the factor deter- 
mining the rating of the whole drive, since an excessive peak 
current is the most important single factor responsible for 
the permanent damage or even immediate destniction of the 
tubes. 

In order to determine analytically the instantaneous-peak 
value of the armature-current pulse, the time angle corre- 
sponding to the ^maximum of the current-time function 
should be found first. By differentiating the equation of 
the current pulse (equation 29-7) with respe(;t to the time 
angle j, and further ecpiating the result to zero, the equation 
for the time angle corresponding to the maximum value 
of the current pulse is obtained : 


^ "a sin {xf — 0)1 
— 

Lsin B tan B J 


X// tan B 


(29-53) 


where the symbols are the same as those used in equation 
29-7. 

Equation 29-53 represents the relationship between the 
peak-current angle Xm and the angle of ignition xj] tliat is, 
it represents Xm as an implicit function of Xf for different 
values of parameters a and 0. Although it is possible to 
calculate the value of Xm for each particular value of x/, 
Xm cannot be represented by an explicit formula. The graphs 
of the function Xm - fix/) for different values of parameters 
o and 0 are shown in Fig. 29 - 40. 

Considering the peak-current angle Xm as represented by 
equation 29-53, the expression for the peak value of the 
armature-current pulse can be obtained directly from equa- 
tion 29-7: 

Im = ^^^^“-{cos 0 sin {xm - 0) — a 
ti 

-h [o - cos 0 sin (X/ - » } (29 - 54) 

where = f{xf) may be calculated from equation 29-53 or 
estimated from Fig. 29-40. 

It should be pointed out that, for the theoretical case of 
zero inductance in the load circuit (cos ^ = 1), neither Xn 


nor /„> can be calculated from equations 29-53 and 29-54 
l)ecau8e these equations assume an indeterminate form for 
^ = 0. However, it is apparent from Fig. 29-5 that for a 
purely resistive load {B = 0) 


Xm = Xf when Xf ^ 90® 
Xm = 90® when Xf < 90® 


(29-55) 


Whereas equations 29-53 and 29-54 represent rigorous 
analytical relationships,* in some cases a simpler approximate 



Fig. 29*40 Graphs of equation 29*53; Xm “ f{xf). 


formula for instantaneous-peak value of the load current 
for discontinuous conduction may prove more useful: 


Im = 


TT^/, 


f/-C 


V 27rp(x, - Xf) 


(29-56) 


where Id~c = average value of the load current 
p = number of phases of the rectifier 
Xf = angle of ignition in radians 
X, = angle of extinction in radiaiLs. 


It will be recalled that the angle of extinction x« can be calcu- 
lated from equation 29*11 or estimated from Fig. 29*7. 

The approximate formula for 7^, equation 29-56, can be 
derived under the simplifying assumption of a purely sinu- 
soidal wave shape of each (current pulse and a symmetrical 
location of its instantaneous peak. Although the above 
assumption, strictly speaking, is incorrect, the approximate 
formula 29-56 is useful for estimating purposes, particularly 
in the vicinity of the critical angle of ignition. 

From the approximate formula for the instantaneous-peak 
currcnt, equation 29-56, one can obtain directly the approx- 
imate expression for the so-called peak coefficient which is 
defined here as the ratio of peak and average currents, and 
represents a convenient way of describing the peak-current 
conditions in the load circuit of a rectifier: 


fm 


7rf-c V^27rp(x, — Xf) 


(29-57) 


The third significant value of the armature current is the 
rms value. The rms value of current is responsible for the 
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losses in the armature winding of the motor and must be 
used in the well-known fonnula 7^/2, which determines these 
losses. Thus, the nns value of current has a direct effect on 
the frame size and efficiency of the motor. In a conventional 
d-c drive, where a pure current flows through the bmshes 
of the motor, the average current is equal to the rms value 
of current. In a rectifier drive, however, the presence of 
a considerable a-c component in the unidirectional arma- 
ture current is responsible for the increase in the rms value, 
which is always higher hei*e than the average value. Conse- 
quently, the efficiency of the motor is decreased so that 
very often the motor-frame size must be increased to dissi- 
pate additional losses, without an excessive rise of tempera- 
ture. Moreover, the rms value of current is closely related 
to the instantaneous-peak value and, for the same average 
current, both increase or decrease simultaneously. Both 
th.. peak and the rms values of current have a very appre- 
ciable effect on the commutation of the motor, and it can l)e 
easily understood that the commutation becomes more diffi- 
cult if, for a given average current, the peak current, as well 
as the rms current, is increased. 

In rectifier-motor systems it is customary to deal with 
the form factor of the armature current, defined as the ratio 
of the rms value to the average value: 

// = ^ (29-58) 

ici-c 


Thus, the form factor is indicative of additional motor losses, 
as well as of the character of commutation for a given load 
current of the motor. The accurate analytical expression 
for the form factor is a rather involved one, and will not be 
given here. However, an approximate simplified formula for 
the form factor of the armature current for discontinuons 
conduction, based on the assumption of a purely sinusoidal 
symmetrical pulse, is given below, and may be u.sed for esti- 
mating purpases: 


// = 


2\/vp(jc, - X/) 


(29-59) 


For the border case, dividing discontinuous and continuous 
conduction of the rectifier, Fig. 29 -39 (6), each rectifying 
element conducts over the entire phase cycle equal to 27r/p; 
hence 

2ir 

X, - T/ = — (29-60) 

P 

When equation 29-60 is substituted in equation 29-59, the 
form factor for the border case, Fig. 29-39 (6), becomes 


f/b = 


TT 

2^ 


1.11 


(29-61) 


For the case of discontinuous conduction, Fig. 29-39 (a), 
the form factor is always greater than 1.11, and for the case 
of continuous conduction. Fig. 29-39 (c), the form factor of 
the load current is always less than 1.11 : 


//disc. > 1.11 
1 /f cont. ^ l.il 


(29-62) 


One will note that relationships 29*62 do not refer to the 
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number of phases of the rectifier, motor speed, or load, and 
are based solely on the wave shape of the load current. Obvi- 
ously, for the theoretical border case of a pure direct load 
current, the form factor is equal to unity. 

It may be useful to analyze briefly the operating and 
design factors which have a direct effect on the wave shape 
of the armature current and, consequently, on the value of 



Fig. 29-41 Experimental jj^raphs of form factor versus armature cur- 
rent for the rectifier drive; p == 2, J&a — 400 volts, 1 hp, 4.3 amperes. 



Fig. 29-42 Experimental graphs of form factor versus armature cur- 
rent for the rectifier drive: p «* 3, jB, ■■ 400 volts, 3 hp, 13 amperes. 

the form factor. Among the most important ones are: 

(а) rectifier-transformer voltage, (ft) number of phases of the 
rectifier, (c) impedance angle 6 of the armature circuit, 
(d) load current in the armature, and (e) speed of the motor. 
Generally speaking, the value of the armature-current form 
factor increases when (o) is increasing, and it decreases when 

(б) , (c), and (d) are increasing. The speed of the motor has 
relatively little effect on the form factor, although the latter 
has a general tendency to decrease with increasing motor 
speed. Several typical graphs of the armature-current form 
factor as a function of the average value of current, for dif- 
ferent motor speeds, are shown in Figs. 29*41 and 29*42. 
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29-13 METHODS AND PRINCIPLES OF BRAKING 

One of the important problems in any motor-control 
system is the problem of braking. Conventional mechanical 
brakes, magnetically operated, are sometimes used in elec- 
tronic motor-control systems to bring the motor and the 
driven load to a quick stop, exactly as in any conventional 
drive. 

Dynamic braking is one of the most widely used means 
of braking. It consists in connecting a resistor across the 
motor armature while the armature is disconnected from 
the supply terminals. This type of braking is often used in 
electronic motor-control systems. From the physical point 
of view, the process of dynamic braking is identical in any 
control system, and will not be discussed here in detail. It 
should be mentioned, however, that during dynamic braking 
the kinetic energy stored in the rotating system is trans- 
formed by the rotating armature into electric energy and 
dissipated in the dynamic-braking resistor. This type of 
braking has a number of disadvantages, the most important 
of which is the influence of the speed of the motor on the 
decelerating torque, which is high for high speeds and negli- 
gible for low speeds, where the electromotive force gen- 
erated in the rotating machine is low. Tims, at low speeds, 
the motor vAM tend to coast, and a definite friction torque is 
required to bring the motor to a complete stop. Usually, 
this torque is provided by the natural friction of the system 
itself (bearings, windage, gears) but in some systems, par- 
ticularly with high moment of inertia, this natural friction 
may be inadequate, and a magnetically operated mechanical 
brake must be used in combination with dynamic braking. 

The thiixl very important type of braking is regenerative 
braking. During regenerative braking the kinetic energy 
stored in the rotating mechanical system is transformed into 
electric energy in the armature of the rotating machine and 
delivered back to the supply line. Regenerative braking 
should not be confused with so-called * ^plugging, which is 
sometimes used in conventional d-c drives but never in elec- 
tronic syst^^ms, where it may easily result in permanent 
damage to the power tubes. In conventional d-c motor- 
control systems plugging may be obtained by simply revers- 
ing the armature connections to the d-c supply terminals. 

Figure 29-43 (a) shows the direction of applied voltage, 
armature current, and armature electromotive force during 
the normal run of the motor. Obviously, the armature cur- 
rent / has the same direction as the applied voltage Ey and 
flows in opposition to the armature electromotive force Eg. 
This condition is also in agreement with the conventional 
direction of the flow and sign of electric power, that is, posi- 
tive power is given away, negative power is absorbed. Thus, 
in Fig. 29-43 (a), power + (El) is given away by the d-c line, 
whereas power — (Egl) is absorbed by the rotating armature 
and transformed into mechanical energy. 

Figure 29*43 (b) represents the conditions associated with 
‘^plugging, where the armature of a ninning motor was 
suddenly reconnected with respect to the supply line; that 
is, armature terminal A2, which was connected to (— ) of 
the line in Fig. 29-43 (o), is now connected to (-}-) of the 
line, and terminal Al is now connected to (—) of the line. 
Since the motor armature and the associated mechanical 


parts continue to rotate in the same direction as in Fig. 
29-43 (a) because of the moment of inertia of the system, 
the electromotive force generated in the armature still has 
temporarily the same direction as in Fig. 29-43 (a), that is, 
from A2 to ill. 

Now it becomes apparent that the case of plugging shown 
in Fig. 29-43 (5) represents a ‘‘double” short circuit because 
not only is the line voltage E applied to a very low-resistance 
circuit without any opposing internal electromotive force, 
but also the electromotive force Cg developed in the armature 


(♦) 


(♦) 


(♦) 



NORMAL RUN 

a 




REGENERATIVE BRAKING 
c 


Fig. 29-43 Relative directions of line voltage, electromotive force, 
and armature current for (a) normal run, (6) plugging, and (c) regener- 
ative braking of a d-c drive. 


circuit acts in the same direction as the applied voltage, still 
increasing the current i. Thus, a very high short-circuit 
current will flow in the armature: 


E + Cg 

It 


(29-63) 


where R is the resistance of the armature circuit. Of course, 
Cg is a function of the motor speed or of time, since the speed 
of the motor is changing with time. The instantaneous elec- 
tric power developed in the armature has a plus sign, and 
the electric energy developed in the aimature during the 
braking period, and responsible for the braking action 

Wb = f\i dt = f ^ dt (29 • 64) 
Jq J[) k 

where T = total time of braking. If the friction of the 
system is neglected, the energy represented by equation 
29-64 is equal to the kinetic energy stored in the mechanical 
system just before braking has started. 

The total electric energy developed in the entire system 
during plugging to a stop in T seconds 

C' {E + eg)^ 

Wg I (E + eg)idi = I —dt (29-65) 

Jq Jq r 

is dissipated in the form of heat, mainly in the resistance of 
the armature winding. 

In analyzing that portion uf electric power developed in 
the armature, which is responsible for the braking action 
during plugging, 

Eeg + Cg^ 

Ph = egi = — r— ^ (29-66) 


it will be seen that since both E and Cg (at the start of plug- 
ging) are high, and R is low, the power will be very high, and 
the braking action will be exceedingly sharp. At the same 
time, the short-circuit current i (equation 29-63) may be 
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so high that, even for a short duration of braking, permanent 
damage to the system may result. Thus, it may be necessary 
to increase the resistance of the armature circuit R by intro- 
ducing a resistor in series with the armature during plugging 
to reduce the magnitude of current as well as the shock of a 
very sharp braking. 

Conditions for regenerative braking are represented 
in Fig. 29-43 (c). Here, as in a normal run, Fig. 29*43 (a), 
the electromotive force generated in the armature acts in 
the direction opposing the applied line voltage E but, con- 
trary to the normal run, this electromotive force is higher 
than the applied voltage. Consequently, the current i flows 
in the reverse direction as compared with the normal run, 
and the applied line voltage E is opposing the flow of current. 
In a conventional d-c motor-control system the condition rep- 
resented in Fig. 29-43 (c) can be obtained directly from the 
case shown in Fig. 29-43 (a), without any change in connec- 
tions, either by suddenly lowering the supply voltage E (the 
output voltage of the generator in the Ward-Leonard sys- 
tem), or by increasing the electromotive force through the 
increase in the shunt-field excitation of the motor, if the 
latter was previously nmning at a weak field. The funda- 
mental difference between the two cases, as shown in Figs. 
29-43 (6) and 29-43 (c), is that for the regenerative braking 
the current in the armature flows in opposition to the applied 
voltage Consequently, the electric power at the supply 
tenninals —(Ei) has a negative sign, indicating that the 
line is absorbing power instead of delivering it as in the 
cases of both nonnal nm and plugging. Thus, during re- 
generative braking the motor operates as a generator, and 
the kinetic energy stored in the rotating system is trans- 
formed in the motor into the electric energy and delivered to 
the line. In contrast with that, during plugging the motor 
operates as a combination of a generator, driven from the 
mechanical energy stored in the system, and a torque motor. 
During plugging, the electric energy generated by the motor, 
as well as the electric energy supplied ‘to the motor from the 
line, both are dissipated in the form of heat in the resistance 
of the armature circuit. 

The analysis of the general case of plugging and regenera- 
tion was necessary to stress the fundamental differences 
between the two in order to have the proper introduction 
into the more involved case of regeneration in electronic 
rectifier drives. First, it should be noted that plugging can 
be easily obtained in electronic drives in a manner veiy simi- 
lar to that in conventional d-c systems by bnite reversing 
of the armature contactor at the time the motor is miming 
at high speed. However, this method of braking is never 
used in electronic thyratron drives since it invariably leads 
to currents of a magnitude destmetive to electronic rectifiers. 

With respect to regeneration, it must be borne in mind 
that in a rectifier drive it is not possible to obtain regenera- 
tive braking by simply lowering the output voltage of the 
rectifier (which here plays the part of the d-c supply line), 
or by increasing the electromotive force of the motor through 
the increase in its excitation, as is done normally in con- 
ventional d-c systems. Fig. 29-43 (c). The rectifier drives 
do not have the inherent ability to regenerate under those 
conditions, because regeneration requires a change in the 
•direction of the armature-current flow with respect to the 


direction of the electromotive force. This change cannot 
be effected in a rectifier-motor system without reversing the 
polarity of armature electromotive force with respect to the 
rectifier system, since the current cannot flow in the reverse 
direction through the rectifying elements. This situation 
can be clearly seen in Fig. 29-44 which shows the diagram 



Fio. 29*44 Relative directions of rectifier output voltage Ed~et motor 
electromotive force Egt and armature current la^c in a rectifier drive. 

of a rectifier-motor system with polarities and directions 
of current and electromotive forc^e indicated for the con- 
ditions of a normal run. If the motor electromotive 
force is increased, or the angle of ignition of the rectifying 
elements is delayed (this would correspond to lowering the 
d-c supply voltage), the current in the armature will not 
reverse its direction, and no regeneration will take place. 
The current in the armature and in the rectifier will simply 
drop to zero, the rectifier tubes will be momentarily cut off, 
and the motor will coast down to a lower speed determined 
by the new angle of ignition of the tubes, or by the new 
(increased) excitation of the motor. After the lower speed 
is reached, normal conduction will be resumed. 

Regenerative braking in a rectifier drive can be obtained 
if three conditions are fulfilled simultaneously. First, as 
mentioned in the preceding paragraph, the polarity of the 
armature electromotive force must be reversed so that the 
rectifying system, shown in Fig. 29-44, will be transformed 
into an inverting system, shown in Fig. 29*45. In this 



Fig. 29*45 Relative directions of inverter output voltage motor 
electromotive force c*, and armature current i during regenerative 

braking. 

manner, the current can change its direction with respect 
to the electromotive force in the armature, and still flow in 
the same and only possible direction through the rectifying 
elements. This condition can be accomplished by reversing 
either the armature contactor or the motor field. It must 
be borne in mind that the change in polarity of armature 
electromotive force is only one of the three necessary condi- 
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tions for regeneration. If only this first condition is ful- 
filled; plugging and currents of destructive magnitude will 
result. 

The second necessary condition for regenerative braking 
is the proper control of the angle of ignition of the rectifier 
tubes. Finally, the thinl and quite obvious condition for 
regeneration is the presence of a sufficiently high electro- 
motive force of the motor, so that this electromotive force 
can be utilized as a current-producing voltage during the 
process of regeneration, when the motor operates as a gen- 
erator of electric power. In other words, a source of energy 
is required in the load circuit. The fulfillment of the second 
condition, with the other two previously satisfied, nor- 
mally leads to the problem of limiting the armature current, 
by means of controlled rectifier tubes, to a safe operating 
value. The mechanism of regeneration will be more fully 
understood in the following analysis of the process of in- 
version. 

Figure 29*46 represents the sine wave of the rectifier- 
ti-ansformer voltage, combined with motor-generated volt- 
ages (electromotive forces) for both inversion and rectifica- 
tion, as well as a-c and d-c components of the grid voltages 
of thyratron rectifier tubes. Angles of ignition and armature- 
current pulses, during the process of motor reversal or stop- 
ping by regeneration, also are shown in Fig. 29*46. Let it 
be assumed that the fully excited motor is running at full 
speed in a given direction and that the main armature con- 
tactor is reversed, so that the polarity of the electromotive 
force generated in the armature becomes as shown in Fig. 
29*45. Let it be further assumed that the grid-voltage 
supplies and controls for the thyratron tubes are of the same 
basic type as those described in Sections 29*5, 29*6, 29*7, 
29*8 and Fig, 29*25, except the alternating grid-voltage 
component, obtained from the fi3-C3 pemianeiit phase-shift 
circuit, is made to lag the transformer voltage by about 
120 degrees. Let it be assumed again, without going into 
details of circuit operation, that at the instant of closure of 
the reverse armature contactor (see Fig. 29*45) the direct 
component of the grid voltage is that the armature 

generated voltage (electromotive force) is as shown in 
Fig. 29*46. Finally, let it be assumed for the purpose of 
simplification of Fig. 29*46 that the critical grid voltage of 
the thyratron rectifier tubes is zero, that is, that it coincides 
with the cathode potential of the tube. 

Under these assumptions, and in view of the relative 
polarity of the electromotive force with respect to the trans- 
fonner voltage (see Fig. 29*45), it is apparent that at the 
instant of closure of the reverse contactor (instant 1 in 
Fig. 29*46) the rectifier tubes will be cut off, and no current 
will flow in the circuit. At a certain subsequent instant 2 
the generated voltage will become Eg 2 , the direct grid voltage 
Ee 2 y and the tubes will fire at the angle of ignition X 2 . As 
shown in Fig. 29*46, the angle of ignition X2 is equal to 
about 195 degrees. At the following instants 3, 4, 5, 6, and 7, 
the generated voltages are Egs^ Eg 4 , Egs, Egf^, and Egj, the 
direct grid voltages are Eesy EcAj Ec&y Ec^y and Eejy and the 
angles of ignition are X3, X4, X5, X^, and X7 respectively. 
At the instant 4, for example, the current in the armature will 
start at the angle of ignition X4 equal to about 173 degrees, 
and will stop at the angle of extinction <84. This current will 


cause an average armature-voltage drop proportional to the 
algebraic sum of the areas (+)X 4 MQ and ( — )QS 4 T: 

IR oc (area X 4 MQ - area QS 4 T) (29 *67) 

This voltage drop is always positive. 

The average value of the output voltage at the terminals 
of the transformer-rectifier system is proportional to the 
algebraic sum of areas {+)NMP and {—)PRT: 

Ed^c oc (area NMP - area PRT) (29*68) 

Here, obviously, the area PRT is greater than the area NMP 
and, as a result, the average output voltage of the inverter is 

A-c WAVE OF 
TRANSFORMER 



Fig. 29*46 Graphical explanation of the principle of n^Keneration in a 
rectifying-inverting system. (See Figs. 29*44, 29*45.) 


negative, that is, opposing the flow of current. Also, it is ap- 
parent from Fig. 29-46 that for the instant 4 a greater por- 
tion of the armature current flows in opposition to the trans- 
former voltage. This is consistent with the negative sign of 
the inverter output voltage represented for the instant 4 by 
equation 29 *68, and with the direction of Cd-c in Fig. 29*45. 

The fact that the current flows in opposition to the trans- 
former voltage means that during that period the power 
supplied by the transformer is negative; that is, the trans- 
former becomes a receiver of electric energy supplied by the 
motor, operating now as a generator. Thus, a braking 
torque is developed in the motor, and this braking torque 
can be utilized for reversing, stopping, slow-down, or as a 
brake for overhauling loads. The significance of the auto- 
matic current-limiting action of the system, described in 
Section 29*8, should be specifically emphasized. The cur- 
rent-limiting action during inversion leads to such delays of 
firing angles of the main rectifier tubes that a net regenerative 
effect is obtained, as illustrated in Fig. 29*46. 

During the process of braking there will be an instant 
when the average output voltage of the inverter becomes 
equal to zero and the process of regeneration stops. This 
will normally occur when the motor has already slowed down 
to a relatively low speed, so that its electromotive force is 
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close to zero. From that point on, the transfer of energy 
will change its direction and will be from the transformer to 
the motor. The system will cease to be an inverter, and 
will become again a rectifier. The motor will accelerate in 
the reverse direction, unless disconnected from the system 
at zero speed (stopping), or unless its connections to the 
system are reversed to become again as showm in Fig. 29*44. 

To reiterate the analogy between regeneration in a con- 
ventional d-c system, Fig. 29*43 (c), and that in a rectifier- 
motor system, it should be pointed out that in the latter case 
the relative directions of the line voltage E (ea^c)) armature 
current /, and electromotive force Cg are the same as shown 
in Fig. 29*43 (c). In conventional d-c systems, condi- 
tions as shown in Fig. 29*43 (c) can be obtained without 
any change in circuit connections by simply changing the 
relative magnitude of E and e^, that is, by making fg > E. 
In rectifier-motor systems, however, the conditions for 
regeneration, as shown in Fig. 29*43 (r), can be obtained 
only by a simultaneous change in the direction of the motor 
electromotive force, and in the direction of the line voltage 
E, as compared with their directions for the normal run of 
the motor. The first change can be accomplished by revers- 
ing the armature connections, or by reversing the motor 
field, so as to obtain polarities as showm in Fig. 29*45. The 
second change can be accomplished by properly delaying the 
angle of ignition of the thyratron tubes to obtain an average 
negaiive value (change in polarity) of the rectifier output 
voltage. A rectifier system with a negative output voltage, 
and an electromotive force in the load circuit with a polarity 
as shown in Fig, 29*45, is called a separately excited fixed- 
frequency inverter. 

29 14 RATING, EFFICIENCY, AND POWER FACTOR 

In electronic rectifier drives three main elements require 
a separate powder rating. The electronic rectifier, the d-c 
motor, and the rectifier power transformer must be properly 
rated and combined in one system to give the most efficient 
and harmonious operation. 

The electronic rectifier acts as a converter of electric 
energy and has a definite power rating. The rating of the 
rectifier is based on the fact that each electronic rectifying 
element has its very definite average current-carrying 
capacity and a definite iastantaneous peak-current rating, 
which never should be exceeded. Although each electronic 
rectifier tube also has its forward and inverse peak-voltage 
rating, these have only an indirect effect on the power 
rating of the rectifier, since the rated direct voltage of the 
rectifier normally is chosen to correspond to the rated motor 
voltage. This voltage is usually 230 volts, but in some cases 
it may be 120, 350, 460 or 550 volts. 

It has already been mentioned in preceding sections, and 
particularly in Section 29*12, that in polyphase half-wave 
thyratron rectifiers the instantaneous peak-current rating 
rather than the average current rating of each tube may 
become a factor in determining the over-all rating of the power 
rectifier. Obviously, the peak coefficient defined in Section 
29*12 (equation 29*57) plays a very important part in that 
respect. 

Usually, in assigning a power rating to a rectifier for arma- 


ture powder conversion, a somewhat different approach is 
used. Instead of assigning a proper power rating to each 
possible combination of rectifying elements on the basis of 
their individual current and voltage ratings, it is customary 
to start with standaid horsepower ratings of motors, and 
select a proper rectifier for each of them. Considerations of 
cost, in addition to those of rating, play of course an im- 
portant part in the selection of the most adequate combina- 
tion of phases and types of electronic rectifying elements. 
Furthermore, the starting torque and the maximum current 
limit required also must be considered. 

As an example. Table 29*2 shows the number of phases 
and the type of electronic tubes in armature-power rectifiers 
for standard horsepow^er ratings of the drive. The selection 
of rectifiers w^as based on standard 230-volt rating of d-c 


Table 29*2 Example ok Selection of the Type of IIectifyinq 
Elements and the Number of Phaber of the Rectifier for 
Various Hp Ratings of 230-Volt Drives 


Hp 

Rated 

Current 

Current 

Limit 

P 

A verajce 
Current 
per 

Tube 

Expected 

Inat. 

Peak 

Current 

Type 

of 

Tuboa 

Average- 

Current 

Tube 

Rating 

Peak- 

Current 

Tube 

Rating 


1.5 

3 

2 

0.75 

6 

3-C-23 

1.5 

6.0 

1 

4 

8 

2 

2 

16 

672 

3.0 

30.0 

l>j 

6 

12 

2 

3 

24 

672 

3.0 

30.0 







or 624 

6.4 

77.0 

2 

8 

16 

2 

4 

32 

624 

6.4 

77.0 

3 

12 

24 

3 

3 

48 

624 

6.4 

77.0 

5 

20 

40 

3 

7 

80 

414 

12.5 

1(N).0 

7>i 

30 

60 

3 

10 

100 

414 

12.5 

100.0 

10 

40 

70 

4 

10 

100 

414 

12.5 

100.0 


motors. It should be remarked that only half-wave poly- 
phase rectifiers have been considered. Full-wave or bridge- 
type rectifiers arc rarely used for power rectification in eleiv 
tronic drives, mainly because of the required double number 
of rectifying elements for the same rating, and poorer adapta- 
bility of these rectifiers to electronic control methods. 

The influence of rectification on losses and frame sizes of 
d-c motors was discussed briefly in Section 29*12. Although 
d-c motors of stamiard design are normally used in electronic 
drives, and no special design modifications are required, the 
horsepower rating of the motor generally is affected by the 
w ave shape of the annature load current. It w ill be recalled 
that the form factor of rectified armature current always is 
greater than unity, w'hereas standard d-c motors are rated 
on the basis of pure d-c supplies, which give the current form 
factor equal to unity. The copper losses in the armature 
winding arc increased, with respect to normal d-c losses, in 
direct proportion to the square of the form factor. If, for 
instance, it is assumed that the form factor at full rated 
average annature current has a value of 1.25, then copper 
losses in the armature are increased 1.56 times, or by 56 per- 
cent. Magnetic losses in the armature, frame, and pole 
faces, as well as copper losses in the field of the motor, are 
normally increased too, but to a much lesser extent. Gen- 
erally, an assumption of a total increase in losses of the 
motor of 50 to 60 percent is satisfactory for a rough estima- 
tion of the motor frame size. Conversely, an existing motor 
of a given horsepower rating often must be derated if it is to 
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be used in rectifier drives; for example, a 1-horsepower 
motor will have to be derated to or ^ horsepower. A 
2-horsepower motor will become a IJ^-horsepower motor, and 
a S-horsepower motor will be rated 2 horsepower. 

Sometimes, various means are used to reduce the armature- 
current form factor to such a low value (1.01 to 1.05) that 
no change in motor horsepower rating with respect to the 
conventional d-c case is required. Furthermore, the reduc- 
tion of the form factor has a beneficial effect on the commuta- 
tion of the motor, particularly at higher speeds. The reduc- 
tion of the form factor can be accomplished by reducing 
the rectifier transformer voltage to a bare minimum, by in- 
creasing the number of phases of the rectifier, and by 
increasing the impedance angle of the load circuit. The 
latter can be accomplished by the addition of a reactor in 
series with the armature. Such an artificial increase in the 
impedance angle of the load circuit reduces the form factor, 
increases the horsepower rating of a given motor, and im- 
proves its commutation. However, the addition of a heavy 
and rather expensive reactor may offset the advantage of 
improved motor rating. Generally, the armature circuit 
reactors arc used only in special cases, particularly where 
the form factor is to be reduced on account of an extremely 
difficult commutation, or to reduce the magnetic noise and 
possible vibrations (caused by pulsating armature current. 

The rating of the rectifier power transformer must be 
adapted to the horsepower rating of the drive. Normally, 
the determination of the kva rating of the polyphase power 
transformer is based on the continuous rating of the drive, 
without taking into account the starting and overload condi- 
tions. The kva of the secondary polyphase winding of the 
power transformer can be calculated from the formula 

Kva = J5.W/Vp (29-69) 

where = rms value of the transformer secondary voltage 
to neutral 

= rated value of motor armature current 
// = form factor of the rectified armature current at 
the lowest operating speed and full rated torque 
p = number of phases of the rectifier. 

As an example, for a 3-horsepower electronic drive with E'fi.c 
= 230 volts, I d-c = 12 ampe-es, // = 1.2, p = 3, Eg = 300 
volts, the rating of the power transformer (from equation 
29-69) will be 7.5 kva. For a rough estimation, the approxi- 
mate kva of the power transformer for drives up to 1 5 horse- 
power can be obtained as 

Kva = 2.5P (29*70) 


where P = horsepower rating of the drive. 

In accordance with the general definition, the efficiency 
is the ratio of the output power of a system to the input 
power. For any converter of electric power into mechanical 
power, the eflSciency can be represented by the general ex- 
presdon _ 

• , = (29-71) 

Pel 


where Pel “ total electric power delivered to the system 
from the line 

AP =* total power losses in the system. 


In electronic rectifier drives the total losses AP have to in- 
clude the total losses in the motor, losses for heating the 
cathodes of electron tubes, and in particular the cathodes of 
thyratron rectifiers, various losses in electronic control and 
other auxiliary circuits, arc-drop losses in power rectifier 
tubes and, finally, losses in the power transformer. 

The efficiency of an electronic drive also can be expressed as 


746Pm 
V plIlElV/ 


(29*72) 


where Pm = horsepower developed at the motor shaft 

Pl = number of phases of the a-c supply line, nor- 
mally 1 or 3 
II = line current 
El, = line voltage 

Pf = power factor at the line terminals. 


Obviously, the efficiency of the system is a function of the 
torque developed by the motor, as well as of the motor speed, 
and increases with the increase in torque or speed. 

In Fig. 29*47 are shown experimental graphs of the effi- 
ciency of an electronic drive as a function of the motor- 
armature current. With constant motor excitation, this 
current may be considered directly proportional to the motor 
torque. The electronic drive for which the experimental 
graphs in Fig. 29*47 were plotted is rated 1 horsepower, 
230 volts, and uses a symmetrical two-phase, half-wave 
rectifier supplied from a single-phase, 220-volt, 60-cycle line. 



ARMATURE CURRENT AMPS 


Fig. 29*47 Experimental graphs of efficiency of an adj ns table-speed 
rectifier drive versus load current, (p » 2, 400 volts, 1 hp, 4.3 

amperes.) 


The base speed of the motor is 1750 revolutions per minute, 
and its rated direct armature current is 4.3 amperes. In 
Fig. 29*47 graphs of efficiency versus armature current are 
given for four different speeds. Full rated field excitation 
was maintained throughout the test. It will be noted that 
the efficiency is increasing with the increase in speed as w’ell 
as in armature current. The efficiency becomes zero for no- 
load current of the motor since for this current no torque or 
power is developed at the shaft of the motor. The no-load 
current is a function of speed and it increases with the in- 
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crease in speed because of the increase in magnetic and 
mechanical losses of the motor. This can be plainly seen in 
Fig. 29-47. 

As should be expected, the efficiency at rated speed of 
1750 revolutions per minute reaches its peak at about the 
rated value of armature current of 4.3 amperes. For this 



SPEED RPM 

Fio. 29-48 Experimental graph of efficiency of an adjustable-speed 
rectifier drive versus speed, for constant armature current, (p » 2, 
E 9 » 400 volts, 1 hp, 4.3 amperes.) 

particular l-horsepower, 1750-revolutions-per-minute, single- 
phase-line rectifier drive, which includes all the electronic 
control and auxiliary circuits, the rated efficiency is 0.43 or 
43 percent. Although at the first glance such an eflScicncy 
may seem rather low, it should be borne in mind that it 
covers the entire adjustable-speed system, and in that re- 
spect should be compared with the total efficiency of a con- 
ventional Ward-Leonard drive. As is well known, the 
latter conmsts of at least three rotating machines. If the 
efficiency of each rotating machine in a 1-horsepower Ward- 
Leonard system is assumed to be 0.77, which is an average 
figure for that horsepower rating, the total efficiency of the 
system will be 0.456, not taking into account additional 
losses in auxiliary control equipment. Thus, the efficiency 
of an electronic drive is comparable to that of a conventional 
Ward-Leonard ^stem. 

The experimental graph of efficiency as a function of speed 
for the rated armature current of 4.3 amperes is shown in 
Fig. 29-48. The efficiency curve in Fig. 29-48 applies to 
the same drive as graphs in Fig. 29-47. 

Electronic drives of higher horsepower rating, which use 
pol 3 rphase rectification, have, generally speaking, higher 
efficiency. As an example, the efficiency of a 10-horsepower 
drive with symmetrical four-phase rectification and a Scott- 
connected power transformer may be expected to be about 
0.65. 

The power factor at the a-c supply-line terminals of an 
electronic rectifier drive is of some interest, particularly 
wherever larger powers are involved. In general, the power 
factor is relatively low and, for higher powers, power-factor 
correcting means may be advisable in order to reduce the 
reactive power absorbed by the system. The main reason 
for a low power factor is the principle of control of the output 


voltage of the rectifier by delayed ignition of the rectifier 
tubes. The instant at which the current in each secondary 
phase of the transformer is allowed to start is arbitrarily 
controlled, and most often considerably delayed with respect 
to the voltage wave of that phase. This delay, of course, 
creates the effect of a highly inductive equivalent load cir- 
cuit which may be thought of as being connected directly 
to the secondary terminals of the power transformer. Fur- 
thermore, it should be remembered that this inductive effect 
increases with increasing delay of ignition and, since that 
increase in delay corresponds to lower armature voltages and 
lower speeds of the motor, it follows that the power factor is 
directly affected by the speed. The lower the speed, the 
lower will be the power factor at the line terminals. 

As an example. Fig. 29-49 represents the power factor for 
a 1-horscpower electronic drive as a function of the motor 
speed by armature voltage control. The load current of the 
drive was maintained at its rated value of 4.3 amperes. The 
graph in Fig. 29-49 applies to the same system as the graphs 
in Figs. 29 -47 and 29-48. 

Unlike efficiency, the power factor does not drop to zero 
at speeds approaching the standstill of the motor. In fact, 
even at standstill, where a very low voltage is applied to the 
armature and the angle of ignition of the rectifier tubes is 
extremely delayed, there are appreciable losses in the sys- 
tem, and these losses require the absorption of active power 
from the a-c line. The zero-speed losses include copper 
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Fio. 29 - 49 Experimental graph of power factor at the line terminals of 
a rectifier drive versus speed, for constant load current of 4.3 amperes, 
(p - 2, E, — 400 volts, 1 hp.) 

losses in the motor caused by the full rated current in the 
armature, excitation losses of the motor, heater losses for the 
rectifier and other electron tubes, losses in auxiliary control 
circuits and in the power transformer. For speeds approach- 
ing zero the power factor is equal to about 0.26. At the 
rated speed of 1750 revolutions per minute, corresponding to 
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the rated armature voltage of 230 volts, the power factor 
reaches its maximum of about 0.62. 

Experimental graphs of the power factor plotted as a 
function of the armature current for different motor speeds 
are shown in Fig. 29*50. Generally speaking, the power 
factor does not change very appreciably with the load cur- 
rent. Particularly, for a speed of 1050 revolutions per 
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Fio. 29 • 50 Experimental graphs of power factor at the lino terminals 
of a rectifier drive versus load current, (p 2, E, » 400 volts, 1 hp, 

4.3 amperes.) 

minute in Fig. 29*50 the power factor is practically inde- 
pendent of load, and is ecjual to about 0.384. At a full rated 
speed of 1750 revolutions per minute the power factor slowly 
rises with load from about 0.51 at no-load current to 0.62 at 
full rated load current. 

The power factor is higher for larger polyphase systems, 
but even there it rarely exceeds 0.8 at rated armature voltage 
and rated load current. 

29 16 CONCLUSIONS 

In preceding sections, general principles of electronic motor 
control, and in particular of controlled rectification, were 
outlined. Several typical electronic control networks for 


rectifier-motor systems were described to illustrate possible 
solutions of some fundamental control problems. It should 
be remembered, however, that no attempt was made to cover 
all the recently developed circuits, some of which still remain 
undisclosed. In addition, the scope of this chapter could 
permit the inclusion of only a few of the existing circuits. 

The control problems and the typical means for their solu- 
tion, dealt with in this chapter, were approached from the 
point of view of an adjustable-speed electronic drive for 
general-purpose applications. In other words, specific appli- 
cation problems were not emphasized here, but only general 
elements of performance, su(;h as speed control, speed-torque 
characteristics, control of acceleration, principles of rectifi- 
cation and inversion, were given special attention. Many 
problems of considerable interest either could not be men- 
tioned at all, or had to be discussed very briefly. 

General-purpose electronic drives and their main func- 
tions, which were given special attention in this chapter, 
represent only one group in the rapidly growing field of elec- 
tronic motor control. In fact, the number of special elec- 
tronic control systems and networks for rectifier drives is 
very great, and includes various electronic control and regu- 
lating systems for every conceivable application involving 
control of motors. To mention a few, hoist and crane drives, 
small traction drives, drives and regulators for various wind- 
ing operations,® tension regulators, acceleration regulators, 
drives for stoker control, automatic-cycle drives for machine 
tools, and drives with spindle-load control for milling ma- 
chines represent an active field for various electronic motor- 
control systems. 
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REGULATION 
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R egulation is the automatic process of maintaining 
a designated quantity at a predetermined value or of 
varjdng that quantity according to some prearranged 
plan. More specifically, the process is one of matching the 
designated quantity to a reference or pattern in a manner to 
maintain the smallest possible difference or “error’’ between 
the two. Regulation of voltage on a d-c generator is a 
typical example. Here, all or a portion of the generated 



(a) 


DISTURBANCE 



(b) 


Fio. 30 • 1 Comparison of opcn-cycle and closed-cycle control systems. 

voltage is compared to a battery or other suitable constant 
reference voltage, and the difference between these voltages 
is amplified. A control device, operating on the amplified 
error signal, furnishes the required corrective means to make 
the error or difference voltage tend to approach zero. 

Regulation is a closed-cycle process as contrasted to open- 
cycle control where the controlling element is in no way 
influenced by the controlled quantity. The fundamental 
difference between the two types of control is illustrated in 
the block diagrams of Fig. 30-1. Heat delivered to a room 
may be controlled as a function of time as in (a). Since the 
timing operation is not affected by room temperature, no 
compensation is made for temperature variation resulting 
from external disturbances. Tliis process of delivering heat 
to the room is open-cycle. If, however, the timing device is 
replaced with a thermostat within the room and if the 


temperature measurement thus obtained is used to control 
fuel flow as in (ft), the proceas becomes closed-cycle. Opera- 
tion of each of the elements included in the closed system is 
influenced by some other element in the system and, in turn, 
affects the remaining components. This interdependence of 
elements fonning a closed loop is characteristic of all regu- 
lated systems. 

The process of regulating any quantity — ^voltage, current, 
position, temperature, velocity — reejuires the presence of cer- 
tain basic elements which together constitute the regulated 
system. First, an error-detecting or -measuring device is 
neceasary to provide a knowledge of the departure of the 
regulated quantity from the prescribed reference or pattern. 
Many such error detectors have been developed for a wide 
variety of applications. '*2 In most systems it is desirable that 
the powder required by the detecting device be as low' as 
possible in order that its presence have little or no effect on 
the quantity being regulated except through the regulating 
process. Consequently, the power level of error intelligence 
is usually low, and some form of amplifier is required. The 
amplifier is the second basic clement of a regulated system. 
Finally, there is the device in actual control of the regulah'd 
quantity wdiich functions in accordance with the dictates of 
the amplified error signal to effect the desired regulation. 
In Fig. 30*1 (ft) the error detector is the temperature-meas- 
uring element of the thermostat; the amplifier includes the 
thennostat contacts and the fuel control device, and the 
furnace is the output clement which makes the required cor- 
rection. 

In the following discussions the term regulator is used to 
describe those elements of a closed-cycle regulated system 
which would otherw^ise not be present if the controlled quan- 
tity were not subjected to automatic regulation. In general, 
a regulator usually includes an error-measuring device and 
some fonn of error-signal amplifier to raise the pow'cr level. 
The error-measuring device includes both the reference quan- 
tity and the element for indicating the status of the regulated 
quantity. The results obtained with modem regulators 
would, in many cases, be impossible w'ithout suitable anti- 
hunting or stabilizing elements. By implication, these ele- 
ments also are considered part of the regulator. In the system 
shown in Fig. 30-8 for regulation of motor speed, the refer- 
ence battery, the speed-measuring tachometer, and the elec- 
tronic device which supplies power to the exciter field are 
considered jointly as a speed regulator. None would be re- 
quired in the absence of automatic regulation. 

672 
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Regulating problems have been the concern of engineers 
from the very beginnings of industry, and the use of regulators 
is almost as old as the machines on which they work. Steam 
engines have long had mechanical speed governors. Hy- 
draulic governors were the next important advance. With 
the development of electromechanical regulators many new 
quantities were brought under automatic control. In the 
earlier types, however, the requirements were often simple, 
and the regulators themselves rather crude. The develop- 
ment of electronics and its application to regulation problems 
brought about a tremendous change in the entire scope of 
automatic control. The field of application^has been greatly 
expanded, and the high order of performance which is com- 
monplace today was unthinkable a dozen or so years ago. 
Obviously, these results are a direct consequence of certain 
inherent characteristics of electronic devices that enable 
them to foreshadow their predecessors completely. 

Electronic tubes are capable of providing with perfect 
fidelity the high amplifications which arc requisite to high 
accuracy and high speed of response. {Electronic amplifiei-s 
are unicpiely free of time delays which arc inherent in most 
other types of amplifiers such as those involving moving 
mechanical parts or magnetic fields. System stability, con- 
sequently, is usually more easily obtained with electronic 
amplifiers than with other types. The stability problem is 
further simplified by the ease with which stabilizing or anti- 
hunting elements may be incorporated in electronic amplify- 
ing circuits. Another important advantage of electronic de- 
vices in regulator applications is their very great power 
sensitivity. In many systems and processes the power levels 
available for actuating a regulator are well below the input 
power recpiircments of all other types of regulators except 
the electronic. Another advantage, perhaps most important 
from the standpoint of economy of manufacture, is the ease 
with which standard electronic components can be combined 
to form regulators for a wide variety of systems and processes. 

All regulators may be classified aceonling to the manner 
in which their corrective efforts vaiy with error. Most regu- 
lators can be classified into three fundamental groups: (1) the 
on-off or oscillating type, (2) the dead-zone type, and (3) 
the proportional type. Figure 30-2 shows a graphical repre- 
sentation of error versus corrective effort for each of the 
three types. 

With the typical on-off type represented by Fig. 30-2 (a), 
any infinitesimal error in the regulated quantity produces a 
corrective effort of constant magnitude and of the proper 
sense to decrease the error. Since the correertive (piantity 
theoretically can be either positive or negative with zero 
error, continuous oscillation about the nominal value of the 
regulated quantity is inherent with this type of regulator. 
The sudden appearance of maximum corrective effort, first 
in one direction and then in the other, which is characteristic 
of this type, may be conducive to rapid wear of moving parts. 

In the typical dead-zone type represented by Fig. 30-2 (6), 
a zone of inaction exists in which the regulated quantity may 
vary between plus and minus error limits without initiating a 
correction. If, however, some disturbance causes the legu- 
lated quantity to exceed these limits of error, a corrective 
effort of constant magnitude and the proper sense to decrease 
the error is applied. With no time lag in the system, this 


correction exists as long as the error exceeds the dead-zone 
limits, and is removed when the deviation is again within 
these limits. In this type the regulating equipment remains 
at rest a major portion of the time, thus avoiding one of the 
principal objections to the on-off type. 

Applications of the on-off and dead-zone types of regulator 
are usually limited to systems where the disturbances are 
relatively small and vaiy slowly with time. Both types are 
basically simple in design and operation. 

As indicated in Fig. 30*2 (c), the corrective effort in the 
proportional type of regulator bears an essentially linear 
relationship to the error throughout the operating range of 
the regulator. The proportional regulator is oixlinarily ap- 
plied whenever rapid response and high accuracy are required. 



(a) (b) (c) 

Fig. 30 • 2 Error versus corrective effort for t lu* t hree fundatnenial types 
of regulators: (o) on-off type, (6) dead-zone type, (c) proportional type. 


When properly designed it is capable of high steady-state and 
transient accuracy even with rapidly varying disturbances. 

The three types of regulators are all susceptible to mathe- 
matical analysis, although the mathematical treatment of 
the on-off and dead-zone types so straightforward 

as that of the proportional type. In the following sections 
the discussions of the on-off and dead-zone types is qualita- 
tive in character, whereas that of the proportional regulator 
is mathematical. 

30-1 ON-OFF TYPE OF REGULATOR 

An on-off type of regulator such as that showTi schemati- 
cally in Fig. 30*3 for the regulation of angular position is 
tjT)ical. The regulator element may be merely an error- 
controlled reversing contactor in the armature circuit of the 
d-c motor. Such a system includes inertia and some type 
of friction damping. To simplify the discussion, it will be 
assumed that the input angle is fixed or is changing very 
slowly. This is a reasonable assumption, since regulators of 
this type are seldom applied where conditions other than this 
exist. 

Under ideal conditions, that is, if there were no time delay 
between the appearance of an error and the development of a 
corrective torque at the motor shaft, the system would oscil- 
late at zero amplitude and infinite frequency. However, in 
any practical system there is always some time delay between 
these two events. In the system under discussion, this time 
lag is the time required to reverse the armature contactor 
and to build up the corrective torque after the reversal is 
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completed. Its effect is to produce steady-state oscillations 
of a definite amplitude and finite frequency. 

The system is extremely sensitive to time delay if the 
damping torque is viscous in character, that is, proportional 
to the velocity of the motor shaft. Under these conditions, 
the steady-state amplitude will be small only if the time 
delay is very sliort. On the other hand, if the damping torque 



Fig. 30*3 A t 3 rpical system for regulation of angulai* position. 


is due to coulomb damping which is constant in magnitude, 
the system is relatively insensitive to small time delays.® 
Most practical systems have a combination of the two types 
of damping. 

Figure 30*4 illustrates qualitatively the effects of time 
delay on the performance of a practical system. The system 
is assumed to be oscillating with an amplitude ^i. Starting 
at point i4, the positive corrective torque acts to decrease 
the negative error, and the output member accelerates. If 
there were no time delay in the system, the torque resulting 
from the initial error would reverse at point P, and the 
velocity of the motor shaft would start to decrease imme- 
diately. The presence of the time lag, however, permits the 
positive torque to remain in action beyond this point, and 
the system continues to accelerate until point B is reached, 
at which time the corrective torque reverses direction. At 





Fig. 30*4 Error versus corrective effort for a system with an on-off 
regulator and time delay. 

point B the output velocity reaches a maximum value which 
is higher than the maximum velocity that would have oc- 
curred had the torque reversal taken place at point P with 
an initial error ^i. Deceleration occurs between points C 
and Z), and the velocity becomes zero and reverses at point D. 
During the remainder of the cycle from point D through 
points C, R, E, and F, back to A, the system follows the same 


sequence of events in the reverse direction. Because of the 
increased velocity at points B and £ as a result of the system 
delay, an increment of energy is added to the system during 
each cycle of oscillation. This additional energy must be 
dissipated in the system, and the amplitude of oscillation, 
therefore, must continue to bo ^i, at which value the addi- 
tional damping and friction loss corresponding to the higher 
peak output velocity exactly ecjuals the energy added to the 
system as a result of the time delay. Thus, the system, when 
subjected to an initial error, instead of executing an oscilla- 
tory decay to zero amplitude as with zero time delay, will 
seek and find the amplitude 6i that fulfills the energy-balance 
requirement. 

With a smaller time delay than that represented in Fig. 
30-4, the regulator does the wrong thing for a shorter interval. 
The error angle at which torque reversal occurs is smaller, 
the system velocity is lower than that attained at point B, 
and the increment of energy added to the oscillation is 
smaller. Consequently, sufficient friction losses to equal this 
smaller block of energy will accrue with a maximum ampli- 
tude less than d\. 

The performance of an on-off regulator system is, of course, 
influenced by factors other than time lag. The magnitude of 
the corrective torque produced at the motor shaft and the 
total inertia of the system also play important parts in the 
tehavior of the system. Regardless of the type of damping, 
the amplitude of sustained oscillation is inversely propor- 
tional to the system inertia. That is, the oscillation ampli- 
tude of a high-inertia system is smaller than that of a low- 
inertia system, all other quantities being the same. In addi- 
tion, the amplitude of steady-state oscillation is directly 
proportional to the magnitude of the corrective torque. For 
example, hunting will become more violent with an increase 
in tonpie at the motor shaft. Conversely, the amplitude of 
hunting will decrease if the corrective torque is lowered. 

30-2 DEAD-ZONE REGULATOR 

For purposes of comparison it is assumed that the on-off 
regulator of the system in the preceding section is replaced 
by a dead-zone regulator represented by Fig. 30*2 (6). In 
this case the regulator clement of Fig. 30 *3 may be essen- 
tially the stimc as before except that the corrective torque is 
not initiated until the error exceeds some predetermined 
value. As before, it is assumed that the input is either 
stationary or changing only very slowly. 

Under ideal conditions, that is, if there is no time delay, 
it is apparent that the system cannot oscillate continuously. 
If the initial error exceeds the dead-zone limits, whether the 
system damping is purely viscous, purely coulomb, or a 
combination of both, there is an interval in each cycle when 
the only force acting on the system is the damping force. 
Thus, each time the regulated quantity passes through the 
dead zone, oscillatory energy is removed from the system by 
dissipation. The initial oscillations, therefore, decay in 
amplitude with each cycle until the error just fails to exceed 
the zone limit. Thereafter oscillations cease entirely. 

From Fig. 30*2 (6) it is seen that the regulated quantity 
may vary within the dead-zone limits, and that as long as 
these limits are not exceeded no correction is initiated. The 
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steady-state accuracy of this type of regulator is, therefore, 
defined by these limits since an error equal to one-half the 
width of the dead zone may exist indefinitely without initi- 
ating a (jorrection. 

The effect of time delay on the perfonnance of this type of 
regulator can be seen from a consideration of Fig. 30*5. It 
is assumed that the system is subjected to an initial error — 

At A the initial output velocity is zero, and the positive re- 
storing torque accelerates the system in the direction to 
decrease the error. At B the regulated quantity enters the 
dead zone and, in the absence of time lag, the restoring torque 
would fall to zero and the output velocity would start to 
decrease. However, with time delay, the torque pereists for 
the duration of the lag. As a result, the velocity of the output 
member continues to increase from its value at B to some 
higher value at C inside the dead zone before the driving 
tonjue is ac.tually removed. The additional energy repre- 
sented by the increased velocity at C has been added to the 
system, and it must be dissipated in some manner. 

During the ensuing period between D and F no corrective 
torque exists. The damping force alone ac.ts on the system, 
removing some of the energy and thus decreasing the output 
velo(!ity. At E in the cycle of oscillation, a revers(^d correc- 
tive torque would be applied under ideal conditions but, 
owing to time lag, angular displacement progresses to F out- 
side the dead zone before this torque is applied. In the 
intciwal G-If, the restoring torque and the damping torque 
act in the same sense, both tending to decrease output veloc- 
ity, which reaches zero at //. The reverse sequence then 
starts. An additional block of energy is again added to the 
oscillation as a result of time lag on re-entering the dead 
zone at I. 

After the transient oscillatory period, the s^^stern may or 
may not oscillate continuotisly. Whether oscillations persist 
or not depends upon the control parameters. Considering 
only the effects of time lag, it is seen that this lag causes an 
addition of energy to the system on entering the dead zone, 
and permits the regulated quantity to deviate a finite amount 
beyond the zone limit when leaving the dead zone before the 
opposite restoring effort is applied. The combined effect is 
to aggravate the oscillation by raising the oscillatory energy 
level and causing the overshoot to be greater than it othenvise 
would be in the absence of lag. If the energy added to the 
system on entering the dead zone at B and I is greater than 
the energy losses which occur during the inactive periods 
represented by the intervals D-F and K-L of Fig. 30*5, 
continuous oscillation must exist. Since the additional energy 
imparted to the system is directly proportional to the time 
delay, it is evident that the shorter this delay the less will 
be the likelihood of sustained oscillation. In this connection, 
if the parameters of the system are such that continuous 
oscillation is possible, it is interesting to note that any dis- 
turbance must produce an initial error greater than a certain 
minimum value outside the dead zone before sustained oscilla- 
tions occur. If the initial error is less than the critical value, 
the increment of energy added as a result of time lag will be 
less than the losses occurring within the inactive range, and 
the amplitude will decay until oscillation ceases entirely. 

The width of the dead zone thus plays an important part 
in the performance of this type of regulator. From the stand- 
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point of steady-state accuracy, it is desirable to keep the 
width small. However, if the width is small in comparison 
to the magnitude of the initial errors caused by the disturb- 
ances generally encountered in the application, oscillation 
beyond the dead-zone limits is likely to occur much of the 
time. The average accuracy thus obtained may not be as 
good as that obtained with a wider dead zone. Most designs 
are compromises between these two considerations. 



Fig. 30*5 Error versus corrective effort for a system with a dead-zone 
regulator and time delay. 

As in the on-off regulator, the magnitude of the corrective 
torque, the nature and amount of the damping, and the 
system inertia are also important factors in the determination 
of the perfonnance of the dead-zone regulator. 

30-3 PROPORTIONAL REGULATORS 

Proportional regulators are applied when high steady-state 
and transient accuracy and high speed of response are re- 
quired. As pointed out above, proportional regulators are 
characterized by the fact that the corrective effort developed 
by the regulator due to an error is proportional to the magni- 
tude of the error. For this reason the regulator and other 
elements of proportional systems have essentially linear 
characteristics over most of the operating range. The linear 
range of electron tubes is limited by the cut-off characteris- 
tics of their control elements, and the linear range of d-c 
rotating machines is limited by saturation of their magnetic 
circuits. Other types of control and power apparatus used 
in proportionally regulated systems have similar limitations 
to their ranges of linearity. 

In practice each element of a proportional system is de- 
signed to have sufficient range to take care of the most 
severe disturbance to which the system will be subjected. 
These disturbances may be caused by changes in load on the 
system, changes in the reference quantity, temperature vari- 
ations, voltage variations, or other similar effects. Although 
range limitations generally are troublesome in regulator de- 
sign, they are frequently used to advantage by designing the 
system so that the cut-off characteristic; of one element serves 
to protect other elements of the system. 

The proportional t3rpe of regulator is more susceptible to 
accurate mathematical analysis than other types of regu- 
lators, and the theory of proportional regulators has reached 
a high state of development. The engineer who is familiar 
with the fundamentals of the theory and who has had some 
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experience in their application can design complex serv'o 
systems with the assurance that the performance will be quite 
close to expectations. 

Two general methods of attack are available for the the- 
oretical investigation of regulated systems. The first of 
these is based on steady-state circuit theory. This method 
of analysis depends upon the fact that the performance of a 
servo system is completely defined by the steady-state fre- 
quency-response and phase-shift characteristics of the system. 
The theory of the method is quite complete/* * and it has 
important advantages in regulator analysis, particularly for 
those systems which are subjected to disturbances of a 
periodic nature. 

The other method of investigation is the analysis of the 
transient characteristics of the system. This method is 
based on the fact that the performance of a regulated system 
is also determined completely if its response to a suddenly 
applied disturbance of some specified form is known. If the 
system under investigation is to be subject>ed in operation to 
suddenly applied disturbances, the results of this method of 
analysis are more directly interpreted in terms of actual per- 
formance than those of the steady-state method. 

It is probable that the suddenly applied type of system 
disturbance is more commonly encountered in industrial 
applications of regulators than the periodic disturbance. 
Consequently, the major part of the remainder of this chapter 
is devoted to a brief discussion of the transient theory of 
proportional regulators. The derivation of the differential 
equations of several typical regulators using d-c power 
machinery is given. The methods of solving the differential 
equations are indicated, and the devices used to insure system 
stability are described. Throughout the discussion the effect 
of machine characteristics on system performance is empha- 
sized. Although much of the discussion is focused on specific 
systems used as examples, the analysis is presented in such a 
manner that it may be applied without difficulty either to 
more general systems or to other specific systems. 

The work involved in making the more extensive investiga- 
tions of the transient behavior of proportional regulator 
systems is immensely simplified by a powerful tool known 
as the mechanical transients analyzer.^* * A complex regulator 
^stem can be reproduced on this device in the form of an 
analogous electrical circuit. The response of the system to 
any specified type of disturbance may then be determined 
for a wide variety of conditions in a small fraction of the time 
required to obtain the same data by computation. 

30*4 GENERATOR-VOLTAGE REGULATOR 

The generator-voltage regulator is one of the simplest types 
of proportional regulating systems incorporating rotating 
machines. A typical system is illustrated in Fig. 30-6. Here 
the field power of the main generator is supplied by an exciter 
which is in turn excited by the regulator amplifier. The input 
to the amplifier is the voltage error, which is the difference 
between the generator terminal voltage E and the reference 
voltage Er, The latter voltage determines the value of the 
regulated voltage. The generator load is assumed to be 
resistive. In some applications the rotating exciter may be 
replaced by an electronic exciter consisting of a grid-con- 


trolled rectifier of the thyratron or ignitron type. If the 
main generator is an a-c machine its voltage must be rectified 
and filtered before it is matched against the reference voltage. 



PiQ. 30*6 A typical proportional voltage-regulated system. 


Generator-Voltage Equation 

If saturation is neglected the generated voltage may be 
written as 

Eg = A*2^2 (30*1) 

where ^2 = the generator field flux 

k 2 = a proportionality constant determined by the 
design constants and speed of the generator. 

If eddy currents in the parts of the generator frame compris- 
ing the magnetic circuit are negligible, the flux during both 
steady-state and transient conditions is directly propor- 
tional to the generator field current 1 * 2 . Thus equation 30 • 1 
may be written 

Eg - K2i2 (30-2) 

W’here K 2 is another proportionality constant determined by 
the design and speed of the machine. Moreover, the genera- 
tor field current is related to the exciter voltage E 2 in accord- 
ance with the following equation : 

_ du 

E 2 = + ^2~J~ (30*3) 

at 

'where R 2 = resistance of the generator field circuit 
L 2 = inductance of the generator field circuit. 

In operational notation ® the derivative operator d/dt is re- 
placed by p; and in operational calculus, w hich is commonly 
used in regulator theory, the operator p may be treated to a 
large extent as an ordinary variable. This property is ex- 
tremely useful as it greatly simplifies the mathematical 
manipulations required in regulator analysis. Equation 30-3 
may thus be solved for 12 and written as follows: 


E2 




rj2 


/?2 i'2p -^ 2(1 "t" ^2P) 


(30-4) 


where T 2 - the generator field-circuit time constant L 2 /i? 2 * 
Substituting equation 30-4 in equation 30-2 gives 


K2 E2 

T2I + T2P 


(30-5) 


This is a differential equation in operational form expressing 
the generated voltage in terms of the field voltage and the 
circuit and machine constants. 


Time Delay and Anticipatory Operators 

It is well known that, when a varying voltage is applied to 
a generator field, the armature voltage lags behind the field 
voltage by an amount dependent upon the field-circuit time 
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constant. This effect is illustrated in Fig. 30*7 for the case 
where a fixed voltage is applied suddenly to the field circuit 
at time < = 0. The initial rate of rise of armature voltage is 
such that if this rate were maintained the voltage would reach 
its ultimate value in time T = L/R, Actually in time T 
the voltage attains only 100[1 - (l/c)] or 63.2 percent of its 
final value. The differential equation 30 • 5 is a mathematical 
statement of this effect, and the curve of armature voltage in 
Fig. 30 • 7 (which will be recognized as the familiar exponential 
curve) is in fact a graph of the solution of equation 30*5 for 
the case of a suddenly applied field voltage. The factor in 
equation 30*5 which expresses this lagging time relation is 
1/(1 + T 2 P), and it is convenient, therefore, to consider 


Here R^ = the total generator armature circuit resistance 
(Rl + Rg)- Combining equations 30-8 and 30*5 gives the 
following expression for the terminal voltage in terms of the 
exciter voltage: 


^_RlK2 E 2 
Rt R2 1 “f" T2P 


(30*9) 


Now, by following the procedure used in the derivation of 
the generator-voltage equation 30-5, one may write a similar 
expression for the exciter voltage E 2 in terms of the amplifier 
output voltage Ei : 


E 2 


Ki E, 

Rl 1 + Tip 


(30-10) 



Fia. 30 • 7 Build-up of generator armature voltage aft-er a audden appli- 
cation of field voltage. 

factors of the fonn 1 + Tp appearing in the denominator of 
an expression as time-delay operators. On the other hand, if 
equation 30 • 5 is rearranged to express the exciter voltage E 2 
in terms of the generated voltage Eg the factor 1 + T 2 P 
appears in the numerator of the equation: 

^2 = (30-6) 

A 2 

Since the generated voltage lags behind the exciter voltage 
when the latter is varying, the exciter voltage may be said 
to lead or anticipate the generated voltage. This effect is 
associated with the factor in the numerator of the form 
\ + Tp which, consequently, is termed an anticipatory opera- 
tor. Operators of these two types are fundamental to the 
theoretical treatment of regulator systems. 


Derivation of System Equation 

Referring again to Fig. 30 • 6, the generated voltage is equal 
to the sum of the load or terminal voltage and the internal 
generator drop. If armature circuit inductance is neglected 
the generated voltage is 

Eg = JE + iaRg (30-7) 

where ia = the generator armature current 
Rg = the generator armature resistance. 

But, since u = E/Rl where Rl is the load resistance, 
equation 30-7 may be written as 



Here T\ = the exciter field-circuit time constant Lx/R\ 

Rl = the total field-circuit resistance including the 
internal resistance of the amplifier-output stage 
Li = the total field-circuit inductance. 

If the amplifier is assumed to have no time delays its output 
voltage El in terms of the input or error voltage e is 


El = K^e = K^iEii - E) (30-11) 

where Eh = the reference voltage 

E = the generator terminal voltage 
Ko = the voltage gain of the amplifier. 


Combining equations 30 • 9, 30 • 10, and 30 • 1 1 to eliminate the 
voltages El and E 2 gives 


Rl K0K1K2 Er ~ E 

Rt R1R2 (1 + Tip){l + T2P) 


(30-12) 


The quantity K 0 K 1 K 2 /R 1 R 2 is the product of the amplifica- 
tion factors of the various elements of the system, and may 
be replaced by a single quantity A', defined as the system 
amplification before the application of the load. The ratio 
Rl/Rt is the factor by which the system amplification is 
changed when the load is applied. Thus after the application 
of load one may write 


E = A 


Er — E 

(1 + Tip){\ + T2P) 


(30-13) 


where A = A'Rl/Rt^ 


The system amplification is the total amplification around 
the regulator “loop.” In a physical system it can be meas- 
ured by breaking the loop at some convenient point such as 
ab in Fig. 30*6 and determining the change in voltage at 6 
due to a 1-volt change at a. 

Equation 30-13 is the complete characteristic equation of 
the system of Fig. 30-6. If the system has more than two 
time delays the characteristic equation is 


£7 = A 


Er — E 

(1 + Tip)(l + T2P) •••(! + TnP) 


(30-14) 


This is the general equation for a simple voltage regulator 
with any number of time delays and without special anti- 
hunting features. For a stable system this equation indicates 
that the generator voltage in the steady state (that is, when 
p = 0) is equal to the product of the system amplification and 
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the voltage error (Ej^ — E), and that, immediately after a 
disturbance such as a load change, the generator voltage will 
approach its new steady-state value in a manner determined 
by the system time delays. It is obvious, therefore, that high 
steady-state accuracy depends upon high system amplifica- 
tion. High amplification also tends to minimize errors during 
transients, but these are further influenced to a great extent 
by the system time delays. In systems A\ith two or more 
time delays, the tendency to oscillate or hunt is increased as 
the amplification is increased. This tendency and the anti- 
hunting arrangements used to minimize it are considered in 
later sections. 

After it has been cleared of fractions and all terms con- 
taining E have been collected, equation 30*14 becomes 

[(1 + Tip){l + T2p) • • • (1 + Tnp) + A]E = AEj, (30*15) 

and, when the indicated multiplications inside the brackets 
are performed, the equation takes the form 

(Onp” + a„_,p"“* H f- a2p“ + flip + 1 + A)K 

== AEk (30 16) 

The coefficients On, nn-i, etc., in this equation are functions 
of the system time constants Ti, T 2 , * • *, Tn. The expression 
inside the brackets, when set equal to zero, is usually referred 
to as the auxiliary equation, and the right-hand side of the 
equation is the forcing function. This is the form of the 
characteristic equation generally used for determining system 
performance. Before demonstrating the treatment of such 
an equation, however, the derivation of the characteristic; 
equations of typical speed and position regulators will be 
considered. 

30-6 MOTOR-SPEED REGULATOR 

Figure 30*8 illustrates a typical motor-speed-regulating 
system utilizing a tachometer generator to measure the motor 
speed and the familiar adjustable-voltage type of control. 

INERTIA 



Fig. 30*8 A typical proportional speed-regulated system. 


The motor field is excited from a constant voltage source, 
and it will be assumed that the field flux is constant or, in 
other words, that armature reaction is negligible. It will be 
observed that this system is essentially a voltage regulator, 
the regulated quantity being the voltage of the tachometer 
generator. However, since this voltage is directly propor- 
tional to tachometer speed, regulation of tachometer voltage 
is equivalent to the regulation of speed, ^though Fig. 30*8 
shows a d-c tachometer generator, a permanent-magnet a-c 


generator is frequently used, particularly when very precise 
regulation is required. In this case the outout of the a-c 
tachometer must usually be rectified and filtered before com- 
parison with the reference voltage. 

Motor-Speed Equation 

In Fig. 30*8 the generated voltage Eg is made up of the 
impedance drop in the generator-motor armature circuit and 
the counter electromotive force or internal voltage of the 
motor: 

Eg = ia(Ra + pLa) + Gil (30*17) 

where ia = the armature current 

Jl^ =: the resistance of the generator-motor armature 
circuit 

La = the inductance of the armature circuit 
il = the instantaneous angular velocity of the motor 
(/ = a design constant for the motor defined as the 
internal voltage per unit angular velocity. 

In this and succeeding equations any consistent set of units 
may be used but, where numerical quantities are involved in 
the following paragraphs, the foot-pound-second system of 
units is employed. 

Since the motor flux has been assumed constant the torque 
developed by the motor is proportional to the armature 
current. In the present example this tonjue will be con- 
sidered as being opposed by an external torcpie Mj, and the 
inertia reaction of the motor and load ; thus 

Bin = Ml, + Ipil (30*18) 

where Bin = the torque developed by the motor 

B = a motor design constant expressing the tongue 
per ampere 

/ = the total moment of inertia of the motor and its 
connected load 

pit = the instantaneous acceleration. 

The external torque Mi, in the example being considered 
is assumed to be constant. Actually in some systems it will 
be zero, whereas in others there may be components of load 
torque which vaiy as some function of the speed or of time. 
A good example of a system with a variable load torque is 
the propeller drive for a wind tunnel where the load torque 
varies as the square of the speed and where there are usually 
no other external torques acting on the motor. We can 
express such a condition in equation 30*18 by replacing Mi, 
with a term where Slo is the rated motor speed 

and Mo is the load torque at speed Qq* This would lead, 
however, to a non-linear differential equation for the system, 
which is difficult to solve. Consequently, it is customary 
when analyzing systems of this sort to assume that the varia- 
tions in speed are small; then the speed-torque characteristic 
of the load may be “linearized^’ at any particular operating 
point without serious error. For the general non-linear ease 
the linear term representing the load torque to be substituted 
in equation 30 * 18 is the product of the instantaneous speed Q 
and the slope of the speed-torque characteristic of the load 
at the steady-state operating speed. Thus in the case of the 
wind-tunnel propeller with a square-law characteristic the 
quantity 2Miil/Qi would be used to represent the load 
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torque in equation 30-18. Here Oj is the steady-state 
operating speed and Mi is the torque required by the pro- 
peller at this speed. 

Equation 30-18 may be solved for which is then substi- 
tuted in equation 30-17 to give 

BEg = (Mi + IpQ)(Ra + Lav) + BCmQ (30-19) 

This equation may bo divided by Ra', and LJRa, the armature 
circuit time constant, may be replaced by to obtain 

BE. BO 

--- Ml = /pl2(l -b Tap) + — 0 (30-20) 

Ha 

In making the transition from equation 30*19 to equation 
30*20 a term pMlTs has been dropped because the derivative 
of the constant quantity Mj^Ts ia zero. It is convenient now 
to divide equation 30*20 by the quantity 

BG 

ro = — (30*21) 

Ita 

to obtain 

Eg Ml, I 

“7 - + Tap) + il (30*22) 

G ro ro 

This is the complete speed equation of the motor in terms of 
the generated voltage and the circuit and design constants 
of the machines and load. 


Mechanical Time Constant 

Equation 30*20 is a torque equation, and it is apparent 
from the last term of this expression that ro = BGtRa may 
be defined as the torque per unit speed. The accelerating 
torque is /pfl, and it follows that the total inertia I may be 
defined as the torque per unit acceleration. Consequently, 
the ratio //ro which appears in equation 30*22 has the 
dimension of time and is conveniently called the mechanical 
time exynstant Tq. This is an extremely useful quantity be- 
cause it combines into a single term all the motor design 
factors whi(!h have an influence on system performance. The 
value of ro to be used in determining the mechanical time 
constant for a particular motor may be computed from equa- 
tion 30*21 if the design constants G, B, and Ra are known; 
or it may be computed from the name plate data and certain 
measurable quantities as follows: 


or 


MqEq 

2 wnRaio 

550PEo 

{2wn)^Rato 


(30*23) 

(30*24) 


where Mq = full-load output torque in foot-pounds 

n = rated speed in revolutions per second (27rn = 
radians per second) 

P horsepower rating corresponding to torque Mq 
and speed n 
Eq = rated voltage 

to = change in armature current due to application 
of load torque Mo 

Ra ** total armature circuit resistance including re- 
sistance of power source. 


Since Raio/Eo represents the fractional speed drop due to 
torque Mq, equation 30*23 is equivalent to saying that the 
cluantity ro is the reciprocal of the slope of the speed-torque 
curve where this curve is based on the assumption that speed 
droop is due to iR drop alone. Using the foot-pound-second 
system of units, the value of ro as computed in equations 
30*23 and 30*24 is expressed in foot-pounds per radian per 
second. 

For a particular motor, the value of the mechanical time 
constant Tq = //ro depends upon three factors: (a) the total 
inertia of the motor and its load, (6) the total armature circuit 
resistance, and (c) the motor field strength. Because it 
varies directly as the inertia, some control of its value may 
be exercised by adjustment of the load inertia. It also varies 
directly as the armature-circuit resistance since ro varies in- 
versely as this resistance as indicated by equation 30*24. 
Finally it varies as the square of the motor field strength 
since, according to equation 30*24, ro varies inversely as the 
square of the speed, which in turn varies inversely as the 
motor field strength. 


Derivation of System Equation 

Following the methods used in the derivation of equation 
30*12, the generated voltage Eg may be written as 


K0K1K2 Eli — Et 

" (1 + T,p)(l + T 2 P) 


where Ejt = the reference voltage 

Et = the tachometer voltage. 


(30*25) 


The other factors in equation 30 * 25 are the same as in equa- 
tion 30*12. The quantity Er — Et ia proportional to the 
speed error, and if is a proportionality factor relating the 
tachometer voltage to motor spce<l. 


Er - Et = K^iSlR ~ a) (30*26) 

where Ur = Er/K^ = a fictitious refemnee speed. 


Equations 30*25 and 30 *26 may be combined with 30*22 
to give 

KoK\K 2 K:^ Ur — U Ml, 


GR,R 2 (1 + Tip) {I + T 2 P) ro 

Topua + Top) + U (30*27) 

This may be rewritten as 


Ur -U 

^ a + Tip)(i + np) 


Ml 

ro 


Topiia + Tap) + a 

(30-28) 


where A — K 0 K 1 K 2 K 3 /GR 1 R 2 = the regulator system am- 
plification. 


This is the complete characteristic equation of the speed 
regulator. As in the case of the voltage regulator the system 
amplification is the product of the amplification factors of 
the various elements of the system. 

Equation 30-28 may be rearranged to give 


{[1 H- Top(l -f r3p)l(l -b T,p)(l -I- T 2 P) -1- A)Q 

Ml 


- — (30-29) 
ro 
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Here also terms involving derivatives of constants have been 
dropped. If additional time delays are present they may be 
represented by corresponding additional factors in the left- 
hand part of the equation as in equation 30-15. 

It Avill be observed that there is a marked similarity be- 
tween this equation and equation 30-15. In fact, if the 
armature circuit inductance is negligible, that is, if Ts — 0 ,* 
it ydW be noted that the left-hand side of the equation of a 
speed regulator having m electrical time delays is identical 
to that of a voltage regulator having m + 1 electrical time 
delays. After the indicated multiplications are performed, 
equation 30 • 29 can be put in the same form as equation 30 * 16. 

If the regulator system is stable, equation 30-29 in the 
steady state (p = 0) reduces to 

{A + l)n = AQu - (30-30) 

ra 

When the load torque is zero we may say that Q equals the 
no-load speed Hq. Then 

no = 7^ n« (30-31) 

A + I 

Now by definition ro = where Sl is the fractional 

speed drop and the actual speed drop which would 

occur as the result of the application of load Mj, if the motor 
speed were unregulated. Therefore 

Mr A 

‘ — slQq = ■ 7^777 (30-32) 

ro A + I 

Substituting this in equation 30-30 and solving for Q gives 

a = -A— Qg(i (30-33) 

A + \. \ A + lJ 

This equation indicates that the effect of the regulator is to 
reduce the steady-state fractional drop in speed caused by 
the application of a load by the factor A + 1. 

Speed Measurement by Counter Electromotive Force 

It is well known that the counter electromotive force or 
internal voltage of a motor is proportional to motor speed if 
the motor field strength is constant. Consequently the in- 
ternal voltage is frequently used as a measure of speed for 
regulating purposes where precise regulation is not required. 



Fia. 30-9 Circuit for measurement of speed by counter-electromotive- 

force method. 

Figure 30-9 shows a circuit commonly used to obtain a 
voltage proportional to the counter electromotive force. If 
the external series resistance R 3 is considered as part of the 
motor armature resistance, the voltage across Ri is propor- 
tional to the motor terminal voltage. In addition, the voltage 

* It will be recalled that this condition was^lso assumed for the 
voltage regulator. 


across Rs is proportional to the iR drop in the motor. When 
the tap on the shunt resistor is properly adjusted the differ- 
ence between these two voltages, Ec, therefore, can be made 
proportional to the internal voltage of the motor and may 
then be used instead of the tachometer voltage in the speed 
regulator. Because the motor field strength usually varies 
slightly with armature current due to armature reaction, and 
because the resistances may vary with temperature, the pro- 
portionality factor relating Ec and motor speed is not strictly 
constant. The result is that accuracy of regulation with this 
method of speed measurement is usually not as good as when 
a tachometer is used. 

Speed Regtilation by Motor Field Control 

Another modification frequently used is to connect the 
motor armature across a constant voltage source and obtain 
regulation by motor field control. In this case the regulator 
furnishes either all or part of the motor field excitation, 
through an exciter if necessaiy. This system is less expensive 
than that illustrated in Fig. 30-8 bec^ause, if a suitable source 
of direct current is already available, it is unnecessary to fur- 
nisli an a-c to d-c motor-generator set of sufficient capacity 
to supply the motor. From the standpoint of regulator per- 
formance, however, regulation by motor field control is often 
more difficult than with the adjustable-voltage system, 
particularly when a very wide range of operating speeds must 
be provided. 

For a given armature voltage the speed of a motor varies 
inversely with field strength. Consequently an exact fonnula- 
tion of the system equation for this case results in a non- 
linear differential equation. Because of this it is customary to 
linearize the system by assuming that variations in speed 
and field strength are small compared to their steady-state 
values; under this condition, second-onier and higher order 
effects may be neglected. When this is done the system equa- 
tion reduces to the same form as that for the adjustable- 
voltage system equation 30-29. 

If it is necessary to vary the regulated speed of the motor 
there must be corresponding changes in the average field 
strength. It was pointed out previously that the mechanical 
time constant of a motor depends upon its field strength. 
Consequently the value of To to be used in computing the 
characteristics of the system varies with the speed. More- 
over, the motor-field time constant may vary as the regulated 
speed changes because of variations in the degree of satura- 
tion or because the field circuit resistance may be changed. 
Finally, the system amplification may also vary with the 
motor field strength. Thus for each different speed there is a 
corresponding value for each of these quantities, but as a 
part of the linearizing process it is customary to make the 
simplifying assumption that they are constant at any par- 
ticular operating point. 

30-6 POSITION REGULATOR 

A typical position-regulated system is illustrated in Fig. 
30-10. The system shown is similar to the speed-regulat^ 
system of Fig. 30-8 in that the adjustable-voltage d-c drive 
is used. The principal difference between the two systems 
is in the error-measuring and reference devices used. Whereas 
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the speed regulator utilized a tachometer generator to give a 
voltage proportional to angular velocity, the position system 
uses a device which gives a voltage proportional to angular 
displacement. The angular error-detection device shown in 
Fig. 30-10 consists of self-synchronous motors, commonly 
called synchros or selsyns, in the familiar ‘‘control trans- 
former’’ connection. Any one of numerous other types of 
positional error-detection devices may of course be used 
equally as well.* * 

Derivation of System Equation 

For purposes of analysis let us assume for the moment that 
there is a torsional spring member connected to the motor 
shaft as shown dotted in Fig. 30*10. This spring may be 
characterized by a spring constant or stiffness factor <Sl which 



Fia. 30*10 A typical proportional pasition-rcgulat^^d system. 


is a measure of the torque per unit angular displacement 
6 of the spring. An example of a physical system having the 
equivalent of such a spring member is an automatic steering 
control for a ship where the water exerts a force on the nulder 
proportional to the angular displacement of the mdder. It 
will be assumed also that there is a component of load tonjue 
proportional to output speed where is the damping 
coefficient of the load. 

As in equations 30*17 and 30*18 the following may be 
written for the position-regulated system : 

E, = iaRail + T:,p) -f Gpe (30*34) 

and 

Bia = + Ip^O + ri,p6 -f Sl 6 (30*35) 


Substituting equations 30-37 and 30-38 in equation 30-36 
gives 

BKoKxK2 K^ So-e 

— V 1? Ml 

RaRlR2 (1 + TipKI + T2P) 

= (1 ■+• T^p){IpH + ripO + Sl) + TopO (30*39) 

This is the tonpie equation for the complete positioi>- 
regulated system. The first term of equation 30-39 is the 
torque developed by the motor as a result of regulator action 
and, since it is proportional to angular error ^0 the factor 
BK(^KiK2K^/RaR\R2 has the dimensions of torque per unit 
angle or stiffness. Therefore this factor may be replaced by 
Sr which is then defined as the regulator stiffness. 

Equation 30*39 may be rearranged as follows: 

{[(1 + T-apXIp^ + tlp + Sl) + rop](l + T^p) 

(1 + T2P) + * 87 ?!^ = SrBq — Ml (30-40) 

This is a torque equation which can be converted to a position 
equation by dividing by Sl^ If the ratio of the regulator 
stiffness to the load stiffness Sr/Sl is defined as the system 
amplification A, equation 30-40 may be put into the form 

+^pl (1 + r,p)(i + T2 p) + a] e = A0o- (30.41) 
Sl J J Sl 

If additional electrical delays are present they may be repre- 
sented in equations 30 -40 and 30-41 by additional time-delay 
factors operating upon the quantity in the brackets. 

As in the speed regulator analysis, let it again be assumed 
for the moment that the armature circuit inductance is 
negligible = 0). Equation 30*41 may then be written 

[(£p " + + 0 A ^ 

Ml 

= ABo-— (30-42) 
Sl 


where the instantaneous velocity and acceleration are now 
expressed in terms of the displacement anf^le 6 as p 0 and p^$ 
respectively. These two equations may be combined by 
eliminating i„ between them; then, by making use of equation 
30-21, 


The ratio (ro + rL)/SL has the dimensions of time and may 
be written as T"o- Also, 


/ 

Sl 


I X 

+ tl Sl 


= ToT'o 


(30-43) 


BEt 


- Ml = (1 + Tsp)ilp^e + rLpS + SlO) + r^pO 

(30-36) 


Similarly to equations 30-25 and 30-26, 
KoK^K 2 e 

R1R2 (1 + rip)(i + Tip) 

and 

e = KM - B) 

where Bq — the input or reference angle 
K4 = a proportionality constant. 


(30-37) 

(30-38) 


where T'o = //(ro + tl) = the equivalent mechanical time 
constant of the motor and its load. 

The quadratic factor within the brackets of equation 30-42 
may then be written and factored as follows: 

(roT-op* + rv + 1) = (1 -f rp)(i + T^p) (3o-44) 

where T' and T" are either real or complex, depending upon 
the relative values of T'o and T''o- If 'T' and T" are real the 
factors of equation 30-44 may be considered as the equivalent 
time-delay factors of the motor and its connected load. 
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If these factors are put into equation 30*42 the result is 

[(1 + rp){i + r'p)(i + Tipxi + T 2 P) + A]e 

Ml 

^ Ado (30*45) 

So 

Now if equation 30*45 is compared with equations 30*15 and 
30*29, it is apparent that, when is assumed zero in each 
system, the auxiliary equation of a simple position-regulator 
system with a spring member at the output and having m 
electrical delays is identical ^^^th that of a simple speed- 
regulator system having m + 1 electrical delays, or with 
that of a simple voltage-regulator system with m + 2 elec- 
trical delays. 

In many position-regulated systems there is no stiffness 
member in the output, and in some the damping torque 
(torque proportional to speed) introduced by the load is in- 
significant. When both of these conditions apply, equation 
30 -40 reduces to 


{[/p^(l + Tzp) + rop](l + Tip)(l + T 2 P) + Sr}6 


= SrOo - Ml (30*46) 

Ekiuations 30*40 and 30*46 may be put into the form of 
equation 30*16 by performing the indicated multiplications. 

In a system having a load containing a spring member, 
the steady-state angular position of the output, \vhen the 
input velocity pdo = 0, is, according to equation 30 *40, 


^ ^ Sr6o — Ml ^ Ado — Bl 

“ Sr + Sl ^ A + T 
where Bl = Ml/Sl- 

The steady-state error for the same condition is 


(30*47) 


Bo- B^ 


Oo + 

T+T 


(30*48) 


Thus, even when there is no external torque Mlj there cannot 
be perfect correspondence between the output and input 
positions except at Bo = 0. It is obvious, however, that the 
error becomes smaller as the system amplification is increased. 
On the other hand, in the system having no output spring 
member, as represented by equation 30*46, the steady-state 
angular position of the output when = 0 is 


be represented by differential equations of similar form but 
of varying degrees of complexity. Although only three 
specific examples have been worked out in detail, it should 
be evident that this statement may be extended to include 
all proportional systems regardless of the type of regulator 
or regulated quantity. It is feasible, therefore, to investigate 
the requirements for stability and the transient characteris- 
tics of all proportional regulators by considering the general 
differential equation which is applicable to all of them. In 
the following paragraphs this procedure is used in general, 
but in order to illustrate certain points it is convenient fre- 
quently to consider for purposes of clarity a specific type of 
system and to apply the conclusions of the investigation to 
more general types by inference. 

Solution of Regulator Equation 

The differential equation which completely describes the 
static and dynamic characteristics of any proportional regu- 
lator system comprised of linear elements is of the form 

(a„p” H f- « 2 p* + (iiP + ao)x = /(<) (30-51) 

The coefficients of the left-hand side of the equation are 
functions of the systom parameters, x is the regulated quan- 
tity, and f(t) is the forcing function^ which may be zero, a 
constant, or some function of time. The forcing function is a 
mathematical description of the pattern which may be pre- 
scribed for the regulated quantity and of any external dis- 
turbing influences which may act to (^ause an error in the 
regulated quantity. 

The auxiliary equation for the general proportional regu- 
lator is defined as that obtained by setting the left-hand side 
of equation 30 » 51 equal to zero. It is advantageous to divide 
the auxiliary equation by an' 

p" + tnp"”’ + • • • + 52P® + 5 iP + 60 = 0 (30-62) 

Equation 30*52 in general is factorable 11 . 12, 13 number 

of linear factors of the form p + a and quadratic factors of 
the form p^ + ZjSp + 7, where a, and 7 are real numbers 
such that 7 > Each linear factor of equation 30*52 has 
a root: 

p = -a (30*53) 


B^Bo-— (30*49) 

Sr 

and the steady-state error is 

Ml 

Bo-e^— (30*50) 

Sr 

In this case, in the absence of an external torque Mlj there 
is perfect correspondence in the steady-state condition be- 
tween the output and input positions, and the error is zero. 
For both cases, however, there will be a steady-state error 
proportional to speed when the input angle is changing at 
some prescribed constant rate.^® 

30-7 REGULATOR CHARACTERISTICS 

It has been demonstrated in the pr^eding sections that 
proportional voltage, speed, and position regulators may all 


and each quadratic factor has two complex roots: 
p = -/3 

= -/3±iu, (30-54) 

The roots expressed by equations 30*53 and 30*54 are ob- 
viously also roots of equation 30*52. 

According to the elementary theory of differential equa- 
tions each of the linear factors of equation 30*52 represents 
an exponential variation with time of the regulated quan- 
tity X following a disturbance, of the form 

X = (30-55) 

where — a « the root of the appropriate factor 

Ci =* an arbitrary constant dependent upon the ini- 
tial condition of the system. 
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Furthermore, each quadratic factor corresponds to an oscilla- 
tory variation of the regulated quantity represented by the 
expression 

X = cos wi + C 3 sin wO (30-56) 

where « = V '7 — = the angular frequency of the oscilla- 

tion 

/3 = the damping factor. 

The coefficients C 2 and C 3 are additional arbitrary constants 
determined by the initial conditions of the system. A differ- 
ential equation of the nth onier has a total of n arbitrary 
constants. 

The complete solution of equation 30 -51 will contain a 
•particular integral determined by the forcing function f(t) 
and the steady-state regulator characteristics, and the sum 
of all terms of the form of equations 30-55 and 30-56. The 
particular integral and the arbitrary constants may be eval- 
uated, when necessary, by the classical methods of the 
calculus of differential e(|uations or by the more modem 
and frequently less laborious methods of operational calcu- 
lus.®'*® 

System Stability and Damping 

Fortunately, in most practical cases it is not necessary to 
deteimine completely the time variation of the regulated 
quantity, a proceas vvhi(;h frequently involves considerable 
computation. A determination of the roots (equations 30-53 
and 30 - 54) of the auxiliaiy eejuation 30 • 52 usually will yield 
sufficient infonnation concerning system performance to 
enable the engineer to decide if a certain regulator is suitable 
for a particular application. 

Thus, from the roots of the linear factors (equation 30-53) 
it is possible to determine time ta = l/« required after 
a disturbance for each of the exponential ‘^responses^^ (equa- 
tion 30-55) to acquire 100(1 — €~^) or 63 percent of its 
ultimat/C steady-state value, f In addition, from the roots of 
the quadratic factors (equation 30-54) one obtains the fre- 
quency / = <a/2ir of each oscillatory “response^^ (equation 
30-56), and also the rates of decay of the various oscillations 
as determined by the values of / 8 . The factor is the ratio 
of the oscillation amplitude at the end of any unit of time to 
that at the beginning of the same time unit. If /S is a positive 
number the factor in equation 30-56 approaches zero 
as time increases, indicating that the corresponding oscilla- 
tion amplitude decays with time. If one of the jS’s is negative 
the amplitude of the corresponding oscillation theoretically 
increases without limit, indicating that the regulator system 
is unstable. If j9 = 0 for one of the quadratic factors, the 
significance is that the oscillation amplitude will be main- 
tained indefinitely at its initial value. This condition is the 
border line between stability and instability, and it represents 
an impractical operating condition. 

Two oscillatory responses may have the same time rate of 
decay of oscillations, as indicated by equal values of jS, but 
if the oscillation frequencies are different the response with 
the higher frequency oscillates through more cycles before a 

tThis assumes that the a’s are positive, a necessary condition for 
stability. If one or more of the a’s are negative the regulated quan- 
tity theoretically will increase indefinitely, and a ‘*run-away” typo of 
instability will result. 


given fraction of the initial amplitude is reached. The higher 
freciuciicy oscillation appears, therefore, to be relatively less 
well damped. For this reason the decay of oscillation ampli- 
tude per cycle has greater significance from an engineering 
point of view than the decay per unit time. The percentage 
amplitude decay in any time t is given by 

A = 100(1 - 6"^') (30-57) 

and the decay per unit time is obtained by substituting < = 1 
in equation 30-57: 

Ai = 100(1 - c"^) (30-58) 

The decay per cycle is obtained by substituting the period of 
oscillation f = l//in equation 30*57: 

A/ = 100(1 - €“^^0 (30-59) 

In most regulator applications a rate of de(;ay of 80 percent 
or more per cycle is considered satisfactory. 

Stability Criteria 

It has been indicated in the preceding paragraphs that an 
inspection of the roots of the auxiliary equation of a regulator 
system will reveal whether or not the system is stable. In 
many cases, however, it is desirable to know if a system is 
stable before the fre(iuently long and involved calculations 
to determine the roots are performed. If the system is found 
to be unstable there is no need to solve for the roots. Time 
can usually be saved if some change in the system which 
will insure stability is sought before the roots arc computed. 

Routh^s criteria*'^ provide a very convenient means for 
checking the stability of a system if its auxiliary equation is 
known. According to Houth the first requirement for stabil- 
ity is that all coefficients of the auxiliary equation be positive. 
The other requirement is that a certain relationvship, depend- 
ing upon the order of the eq\iation, exists between the vario\is 
coefficients. F or the lower order equations these relationships 
are as follows: 

Cubic, ap^ + bp^ + cp + d = 0 
for stability be > ad 

Quartic, ap^ + bp^ + cp^ dp + e = 0 
for stability bed > b^e + d^a 

Quintic, ap® + bp^ + cp^ + dp^ + ep + f — 0 
for stability d{be — af){bc — ad) > b(bc — af)^ + 
f{bc — ad)^ 

A system represented by a quadratic equation will of 
course be stable regardless of the value of the coefficients as 
long as the first criterion is satisfied. For equations of higher 
order than the fifth the expression relating the coefficients 
becomes so unwieldy as to be impractical. In these cases 
two alternatives are available: (1) a tabular method of setting 
up the stability criterion may be used (p. 129 *^) ; (2) the 
order of the equation may be reduced by extracting one or 
more linear pr quadratic factors so that one of the above rela- 
tions is applicable. 

If the left-hand side of the expression for stability equals 
the right-hand side, the system is on the border line between 
stability and instability, corresponding to jS = 0 for one of 
the quadratic factors. A convenient means is thus provided 
by the stability criteria for determining the limiting values 
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of some particular system parameter, such as the system 
amplification, between which the parameter must fall if the 
system is to be stable. The criterion of stability for the sys- 
tem can be set up with appropriate numerical values assigned 
to all quantities except the parameter in question. The in- 
equality may then be solved for the unknown parameter to 
determine the range of values which yield a stable system. 
^''alues close to the limiting value are usually unsatisfactory 
operating values since they may result in a rate of decay of 
oscillations lower than the acceptable minimum of 80 percent 
per cycle. 

30-8 EFFECT OF SYSTEM PARAMETERS ON 
REGULATOR PERFORMANCE 

The essence of regulator engineering is the application of 
automatic controllers or regulators to conventional machines 
so that during disturbances the steady-state and transient 
errors remain within specified limits, and so that the system 
responds to changes in the reference quantity with acceptable 
rapidity. Since the machine characteristics have an impor- 
tant influence on regulator performance, they are of vital 
interest to the regulator designer. The design of the power 
machinery for a regulated system is usually based on the re- 
quirements of the application or, particularly when large sizes 
and powers are involved, on economical considerations. The 
result is that the constants of the machines seldom have 
values which a regulator engineer would select if he had a 
free choice. The regulator engineer too often must accept 
what is available in the way of machine characteristics, and 
then design around them a regulator which achieves the re- 
quired results. 

In this section the effects of the more important regulator 
and machine parameters on the characteristics and perform- 
ance of simple regulated systems are discussed. In the follow- 
ing section some of the methods used by the regulator en- 
gineer to overcome certain limitations of machine design are 
described. 

System Amplification 

In the simple voltage-, speed-, and position-regulator .sys- 
tems described in Sections 30*4 to 30*6 the system ampli- 
fication appears only in the constant term of the auxiliary 
equation. In more complex systems to be described later it 
may also affect other cocflScients of the equation. In either 
case it has an important effect on the characteristics of the 
system. The most convenient way to demonstrate this 
effect is by means of an example, and for this purpose a 
simple two-delay regulator system will be considered. Arma- 
ture circuit inductances will be neglected. As pointed out 
in the sections referred to, the system being considered may 
then be either a voltage regulator with two field circuit 
delays, a speed regulator with one field delay and output 
damping, or a position regulator with no electrical delays but 
with the output inertia, damping, and stiffness proportioned 
to give real values for the equivalent mechanical time con- 
stants (see equation 30*44). 

The differential equation representing the system is 

(30-60) 


In this equation h and are the effective time constants of 
the system X fl»nd xq is the reference quantity which in the 
following examples is assumed to be zero until t = 0, and 
constant thereafter. The roots of the auxiliary equation 
corresponding to equation 30*60 may be written as 


PUP2 


where Q 


Q + 1 


{Q + 1)' - 4Q(A + 1) 


(30-61) 


The response of the system, as represented by the solution 
of equation 30-60, may bo either overdamped, critically 
damped, or oscillatory, depending upon the nature of the 
roots Pi and p 2 as determined by the radical in equation 
30*61. If the roots are real and unequal the response is 
overdamped; if they are equal the response is critically 
damped ; and if they are complex the response is oscillatory. 
For a given time-constant ratio Q it is apparent, therefore, 
that the nature of the response depends only upon the system 
amplification A. If and px are both zero when < = 0, the 
complete solutions of equation 30 * 60 for the three cases are 
as follows. 


Overdamped case, (Q + 1)^ > 4Q(A + 1): 


- — (j 

- Pi / 


_ = I _ 

a-o A + l\ P2 - Pi P2 - Pi 

where pi and pg given by equation 30- 61. 
Critically damped case, (Q + 1)^ = iQ(.A + 1): 


(30-62) 


Jo + 1 

where pi = (Q + l)/2Qli. 


[!-(! + piO*”*'! 


Oscillatory case, (Q + 1)^ < IQiA + 1): 


Jo -A + 


where 


Q + 1 


(30-63) 


y 1 ^cos ut + - sin (30 - 64) 


(30-65) 


^i{A + 1) - (0 + 1)=^ (30-66) 


These equations arc plotted in dimensionless form in Fig. 
30-11 for various values of A and for Q = iV = 10. The 
tendency toward more pronounced oscillations or hunting as 
the amplification is increased is clearly indicated. The curve 
for A = 2.025 corresponds to the critically damped condition. 

{ In the present discussion the effective time constants ii and h 
equal the actual time constants Ti and T2f respectively, but they may 
have other values when anti-hunt circuits are applied to the system 
as described in the next section. The new terminology is introduced 
here because the equations which follow immediately are then directly 
applicable to later discussions. The factor Q will represent the ratio 
ti/tu and N will represent T2/T1 to distinguish between the two ratios 
when they are unequal. Whenever the actual time constants are un- 
equal, it is assumed that T2 > Ti; likewise, ^2 > ^1. 


[(1 + <ip)(l + t 2 p) + A]x * Axq 
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An inspection of equations 30*65 and 30*66 reveals that 
for the system being considered the frequency of oscillation w 
increases with the amplification factor, whereas the damping 
factor is independent of the amplification. Consequently, 
in accordance with the discussion leading up to equations 
30*58 and 30*59, the time rate of decay of oscillations of 
these systems is indej)endent of system amplification, but the 
rate of decay per cycle decreases with increasing amplification. 
This effect is illustrated in Fig. 30*11, where all the oscil- 
latory curves reach their steady-state values in approximately 
the same time. In more complex systems the damping fac- 
tors, in general, also vary with amplification. 



Fig. 30*11 Transient response of a two-delay system with T 2 /T 1 = 10 
after a sudden application of the reference quantity. 

Figure 30*11 clearly illustrates the effect of system ampli- 
fication on the steady-state error and the rapidity of response 
after a disturbance. 

The minimum amplification of a regulator system is usually 
fixed by the steady-state accuracy requirements of the appli- 
cation. If oscillations of the system are highly damped, the 
speed of response of the system may be improved by increas- 
ing the amplification factor beyond the minimum value. The 
maximum usable value of amplification is limited only by 
hunting of the system. 

System Time Constants; Two-Delay System 

In most systems the amplification factor required to insure 
satisfactory accuracy is so high that it causes objectionable 
hunting unless the time constants of the system arc modified 
in some way. Time constants of the field circuits of electrical 
machines can be reduced at the expense of greater power dis- 
sipation by the addition of resistance to the circuits.§ Arma- 
ture-circuit time constants are reduced by the use of com- 
pensating or pole-face windings in the machines. The me- 
chanical time constant of a motor may be increased by the 

{This procedure also reduces the amplification of the machine 
but usually this can be compensated for by a corresponding increase 
in the amplification of some other element of the system. 


addition of a flywheel or by a reduction in field strength. 
Where the load connected to a motor contributes appreciably 
to the total inertia, the mechanical time constant of the com- 
bination may be reduced by using reduction gearing between 
the motor and the load inertia. In addition to these direct 
methods of modifying the system time constants, various 
indirect or “syntlietic^^ methods are also used in regulator 
practice. A discussion of these is reserv’^ed for a later section. 

In the preceding paragraphs the characteristics of a two- 
delay system with fixed time constants were discussed. The 
effect of varying the relative values of the time constants in 
the same system will now be considered. For the oscillatory 
condition, which is of principal interest, the rate of decay per 
cycle is computed from equation 30*59; equations 30*66 and 



Fig. 30*12 Effect of time-constant ratio on frequency and decay per 
cycle of a two-delay system. 

30*66 are used to determine the frequency / = u/2w and the 
damping factor jS. The dimensionless angular frequency 
wti{= wTi) and the decay per cycle are plotted versus the 
time-constant ratio Q — Nin Fig. 30 * 12 for the several values 
of system amplification which yielded oscillatory responses 
in Fig. 30*11. It is apparent that the rate of decay is im- 
proved as Q is increased, the improvement being more pro- 
nounced for the higher amplifications. Also as Q is increased 
<M)ti decreases until it reaches zero at the value of Q which 
produces critical damping. 

The time-constant ratio may be increased either by in- 
creasing t 2 or by reducing ^i, and with respect to the improve- 
ment in rate of deiray of oscillations it makes no difference 
which of the two time constants is changed. The speed of 
response of a system, however, is associated with the fre- 
quency of oscillation, the response being faster with a higher 
frequency. If the smaller time constant h is held constant 
the actual system frequency decreases in the same manner 
as u)ti when Q is increased. On the other hand, if <2 held 
constant the system frequency will increase as Q is increased 
by reducing ti. This is not immediately apparent from Fig. 
30*12, but it becomes obvious w^hen < 2 Ai is substituted for 
Q in equation 30*66. Thus, when an improvement in damp- 
ing must be obtained by a change in time-constant ratio. 



586 


Regulation 


Chapter 30 


it is preferable to make the change by decreasing the smaller 
time constant because this also increases the speed of re- 
sponse of the system. The superiority of a reduction in the 
smaller time constant is illustrated in Fig. 30*17. In this 
figure curve A represents the response of a two-delay system 
with a time-constant ratio of Q = 10. For curves B and C, 
Q has been increased to 100 by reducing the smaller delay 
to = Ti/10 for curve 5, and by increasing the larger 
delay to <2 = lOOTi for curve C. The amplification A is 
24.5 for all curves. The improvement of curve B over curve 
C is obvious. 

System Time Constants; Three-Delay System 

Because of the greater amount of work in solving higher 
order equations there may be a tendency to rely more heavily 
on Routh's criteria in designing the more complex systems.^* 
In this connection a word of caution is in order. 



Fig. 30*13 System amplification versus time-constant ratios for a 
three-delay ^stem at the limit of stability. 

Figure 30*13 shows the system amplification corresponding 
to the border-line condition of stability for various time- 
constant ratios in a three-delay system. Here Ti is the small 
time constant, T 2 is the intermediate time constant, and T3 
is the large time constant. These curves were computed 
from Routh^s criterion for the cubic equation. They indicate 
that the amplification for the border-line condition is maxi- 
mum when the intermediate time constant equals either of 
the other two time constants. Since a high stability limit is 
desirable, one is likely to conclude from these data that 
optimiun regulator performance is obtained when 7^2 equals 
either Ti or Tz, and that it makes no difference which condi- 
tion is chosen. Figures 30*14 and 30*15, which apply to a 
system having a rate of decay of 80 percent per cycle, show 
that such a conclusion is erroneous. A system operating at 
the stability border line is an impractical system, and the 
relation between permissible amplification and system time 
constants changes markedly when only'*^ practical systems are 
considered. 


Figure 30 * 14 shows the value of amplification as a function 
of the time-constant ratios for a rate of decay of oscillations 
of 80 percent per cycle. To obtain the highest permissible 



Fig. 30*14 System amplification veraus time-constant ratios for a 
three-delay system having 80 percent decay per cycle. 

value of amplification corresponding to maximum regulator 
accuracy, the intermediate time constant should be made 
equal to the smallest time constant. As the value of the 
intermediate time constant approaches that of the large one 
the permissible amplification is reduced, particularly for high 
ratios of Tz/T\, 

In Fig. 30*15 the dimensionless angular frequency wTi is 
plotted against the time-constant ratios. Since a high 



Fig. 30*15 Frequency versus time-constant ratios for a three-delay 
system having 80 percent decay per cycle. 

regulator frequency is desirable for rapid system response, it 
is apparent here also that the optimum condition is realized 
when T 2 equals Ti. 
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In general it may be said that for optimum regulator char- 
acteristics the spread between the two largest system time 
constants should be as great as possible, and that all other 
delays should be made as small as possible compared to the 
second largest time constant. 

30-9 ANTI-HUNTING CIRCUITS 

It has been demonstrated that the ratios of the effective 
system time constants must exceed certain minimum values 
in order to achieve a specified accuracy of regulation with 
good stability and a high rate of response. It has also been 
pointed out that the design characteristics of machines used 
in regulator systems are usually dictated by economical con- 
siderations or by the requirements of the application. Be- 
cause of this situation the inherent time constants of a system 
seldom meet the reejuirements for good regulation. For this 
reason it is often necessary to modify the time constants of 
the system by the indirect or ''synthetic'' methods mentioned 
previously. Such modifications arc accomplished by means 
of stabilizing or "anti-hunting" circuits in the regulator. 
Anti-hunting circuits in general are of two basic types, 
anticipator circuits and feedback circuits. The two types are 
quite different in their effect on a system, and each type may 
take any one of several different forms, rrecjuently a single 
type of anti-hunting circuit is sufficient to stabilize a system, 
but in the more complex systems both basic types arc com- 
monly used. Anticipator circuits are sometimes called lead 
networks or phase-advance networks. 

The use of an electronic regulator greatly simplifies the 
design and application of anti-hunting circuits. The high 
input impedance of electron tubes permits the use of small, 
high-impedance elements in the anti-hunting circuits. Con- 
sequently the circuits can be extremely flexible and easily 
adjusted. Moreover, the power drawn from the circuits to 
whi(!h they are connected can be negligible. 

This section describes the effects of various simple anti- 
hunting cinaiit arrangements on system performance and 
also the more common forms of each type of circuit. Numer- 
ous variations of the basic types are possible. 

Anticipator Circuit 

Figure 30-16 shows a simple form of anticipator circuit 
consisting of a resistor-capacitor network connected between 
the error-measuring circuit and the regulator input. The 



Fig. 30-16 A typical RC anticipator circuit. 


regulator input voltage ci appearing across Rt may be con- 
sidered as made up of two components, one due to the current 
flowing through Ray and the other due to the current through 
Cfl. The first component of voltage is proportional to the 
voltage e which is assumed here to be a d-c voltage propor- 
tional to error. Current flows through Ca only when the 


error voltage is changing and, if Rb is relatively small, the 
magnitude of this current is proportional to the rate of change 
of the error voltage. If the error voltage suddenly starts to 
change at a uniform rate, the rate component of input voltage 
appears immediately, whereas some time must elapse before 
the direct component reaches an appreciable magnitude. The 
input voltage ex may thus be said to anticipate the error 
voltage. 

The effect of this anticipation on the regulator system is 
best demonstrated by setting down the equations for the 
circuit of Fig. 30-16. The input voltage may be expressed as 




^ + Tap ^ 

ke 

1 + kTaP 


(30-67) 


where Ta = the anticipator time constant RaCa 
k = the anticipator ratio Rb/(Ra + Rb)- 

Also 


or 


E = 


Kex 


E = 


(1 + Txp){l + T 2 p) 

1 +TaP 


(1 + kTap)(l + Tip)(l + T^p) 


kKe 


(30-68) 

(30-69) 


where K = the steady-state amplification E/ci, Now, if Ta 
is made equal to one of the time constants, the anticipatory 
operator in the numerator cancels one of the delay operators 
in the denominator. If r„ is made equal to Ti the expression 
for E may bo written 


E = 


1 

kKe 

(1 + kTxp)(l + T 2 P) 


(30-70) 


The effective system time constants are now ti = kTx and 
<2 — T 2 , and the time-constant ratio is Q = N/k^ where 
N = T 2 IT 1 , The anticipator circuit thus has increased the 
spread of the effective delays by reducing the small one by a 
factor k, and has thereby improved system performance. A 
subsidiary effect is a reduction in system amplification by the 
same factor fc, but this effect can be compensated for by an 
increase in the gain of the amplifier. 

The effect of an anticipator circuit \vith A; = 0.1 on the 
response of a two-delay regulated system is illustrated in 
Fig. 30-17. Curve A represents the response of the system 
before the application of an anti-hunting circuit, and curve 
D is the response with the anticipator. The ratio of actual 
system time constants N = T 2 /TX for the example is 10, 
making Q = 100. The system amplification is 24.5 for both 
cases. This value of amplification was chosen to give critical 
damping with the anticipator circuit. The improvement in 
speed of response and damping of case B is (juite pronounced. 

According to equation 30-61 the condition for critical 
damping is 


A + l = 


(Q + If 
4Q 


(30-71) 


For large values of Q, equation 30-71 reduces to the approxi- 
mation 


1 1 N 

A«-Q = -X- (30-72) 

4 4 k 
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It follows from equation 30*72 that the critically damped 
condition may be realized for high values of amplification if 
k is small. In practice, values of k may range from 0.5 to 
0.05 or less. 



Fio. 30-17 Effect of anti>hunting circuits on the response of a two- 
delay system with T^/Ti » 10 and A » 24.5. Each anti-hunting 
circuit is adjusted for critical system damping: sysUim without 

anti-hunting circuit; B, anticipator with 1 to 10 ratio; T, feedback 
around amplifier without delays; /), feedback around amplifier and one 
delay; feedback around amplifier and two delays. 


Furthermore, according to equation 30*63, the rate of 
response of a critically damped 2-delay system depends upon 


Vi 


Q+l 

2Qh 


When Q is large, it follows that 



(30*73) 


(30-74) 


With an anticipator circuit, ti = kTi and pi = l/2fcri. 
Thus if l/k and A are both increased in approximately the 
same proportion, the degree of damping remains essentially 
constant, but the speed of response, and hence the transient 
accuracy, of the system are improved. Owing to the higher 
amplification there is, of course, a corresponding improve- 
ment in steady-state accuracy also. 


Feedback around Amplifier with No Delays 

Figure 30*18 shows a feedback arrangement which, in 
comparison with the anticipator circuit, has a very interesting 



Fio. 30 - 18 Feedback around an amplifier without time delays. 


feature. It is seldom used in practice, however, because it is 
inferior to other circuits described later. In Fig. 30*18 an 
RC circuit is connected between the output and the input of 
the regulator amplifier. It is assumed that there are no 
time delays in the amplifier. Changes in the amplifier output 


voltage are fed back to the input circuit in a degenerative 
sense. The feedback circuit prevents rapid variation of 
the output voltage and thus slows down the response of the 
amplifier. 

For the circuit of Fig. 30 * 18, 


where kf 
Ko 
Tf 




k/KoT/p 

Cl 

1 + Typ 


ratio of potentiometer K/ 
amplifier gain 

feedback time constant R/C/, 


The relation between the input circuit voltages is 


(30*75) 


Cl ** c — • c/ (30*76) 

and, when this expression is combined with equation 30*75, 


l + T/P ^ 

l+KfTfp^ 


(30*77) 


where K/ = k/Ko + 1. This equation is identical in form 
with equation 30*67 for the anticipator, but in the latter 
ease A < 1, whereas in the present instance Kf > 1, Substi- 
tuting equation 30 -77 in equation 30-68 gives 


E = 


l + Tfp 


(I + T,P){1 + T2p)a + KfTfp) 


Ke (30*78) 


Now if Tf = T 2 , the anticipatory operator 1 + Tfp cancels 
the delay operator 1 + T 2 P, and equation 30-78 becomes 


1 

E = Ke 

(1 + l\p){\ + KfT^p) 


(30*79) 


The effective time constants of the system are now t\ = Ti 
and <2 = KfT 2 > The feedback circuit thus effectively spreads 
the time constants hy increasing the large delay by a factor Kf, 

Curve C in Fig. 30*17 shows the result of the application 
of this feedback circuit to the two-delay regulated system 
considered previously. With an amplification of 24.5 the 
system is critically damped if Kf = 10, corresponding to 
Q = 100. The syst/cm response corresponding to curve C is 
just one-tenth as fast as that obtained with the anticipator 
circuit represented by curve B, This may be verified by 
reference to equation 30-73. For a fixed value of Q, p\ de- 
pends only upon tx which, for the feedback circuit of the 
present example, is 10 times the value of tx obtained with the 
anticipator circuit. 

If the amount of feedback is increased by increasing Kf the 
amplification corresponding to critical damping is also in- 
creased. However, according to equations 30*73 and 30*74 
there is no corresponding improvement in the rate of response 
since the smaller effective time constant tx is unaffected by 
feedback. Curve C of Fig. 30 *17 thus approximately repre- 
sents the response of the system for any relatively large value 
of feedback provided that the amplification is adjusted in 
accordance with equation 30*71 to give critical damping for 
each value of feedback. 


Feedback around Amplifier and One Delay 

The feedback circuit shown in Fig. 30*19 is quite commonly 
used in stabilizing proportional regulator systems. This 
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circuit differs from that of Fig. 30*18 in that the feedback 
circuit elements /?/ and C/ are connected across the exciter 
armature rather than across the amplifier output. The 
feedback ‘‘loop/' consisting of the feedback circuit, the ampli- 
fier impiit circuit, the amplifier, and the exciter, thus includes 
the exciter time delay Ti. If the procedure used in deriving 



Fia. 30*19 Feedback around an amplifier and one time delay. 


Feedback around Amplifier and Two Delays 

The circuit shown in Fig. 30*20 is another commonly used 
feedback arrangement. In this circuit the feedback voltage 
is derived from a series resistor in the generator field circuit. 
Since the field current is in time phase with the generator 
voltage Ef the feedback circuit may be connected across the 



Fio. 30*20 Feedback around an amplifier and two time delays. 


3quation 30 "78 is followed, a similar equation for the circuit 
of Fig. 30*19 may be written: 

l + T/P 


E = 


Ke 


(1 + r2p)[(l -h rip)(l + Tfp) + k/KoKeT/p] 

(30-80) 

where Ke is the voltage gain of the exciter. If T/ is made 
equal to T 2 , and if the multiplication inside the brackets is 
carried out, equation 30-80 becomes 

1 

(30-81) 


E 


Ke 


l+XTi + KfT2)p + TiT2P^ 
where for this case K/ = k/KoKe + 1. The denominator of 
this expression may be factored into two delay operators: 

1 


E - 


('+ 7 ”) 


•Ke 


(30*82) 


(I + gT2p) 


where K/ and q are related by the expression 

1 

1 + KfN ^- + qN 
Q 

in which N = T 2 IT 1 . 


(30*83) 


According to equation 30 * 82 this feedback circuit in effect 
modifies both time constants, decreasing the smaller one by a 
factor q and increasing the larger by the same factor. If 
q = \/l0, corresponding to X/ = 3.09 when A = 10, the ratio 
of the effective time constants is Q = 100, the same as that 
of the two examples considered previously. Therefore, when 
this circuit is applied to the two-delay regulated system of 
the previous examples, the system again is critically damped 
when the amplification is 24.5. The response of the system 
is represented by curve D of Fig. 30 * 17. The superiority of 
this response over that obtained with the circuit of Fig. 30*18 
clearly indicates why the latter circuit is infrequently used. 

If the feedback is increased until q = 10, the effective 
time constants become <1 = ri/10and<2 = 10r2. The time- 
constant ratio is then Q = 1000 for N = 10, and according 
to equation 30*71 the amplification may be increased to 
approximately 249 with critical damping. The new value of 
ti equals that obtained above with the anticipator. The 
speed of response with the increased feedback is thus repre- 
sented approximately by curve B of Fig. 30*17. The steady- 
state accuracy is, of course, improved by a factor of about 10. 


generator armature with eciuivalent results. The field circuit 
connection shown in Fig. 30*20 must be used, however, when 
there arc other direct connections between the generator- 
armature circuit and the error-measuring circuit, as in a 
voltage regulator for example. The feedback voltage c/ is 
delayed with respect to by both Ti and T' 2 . There are 
consequently two delays in the feedback loop. Similar to 
equations 30*78 and 30*80, 

1 + 7/p 

E = Ke (30*84) 

(1 + Typ)(\ + T2P)(1 + Tjp) + K^Tfp 

where A' is the gain around the feedback loop. It is not 
possible to cancel any factors in this equation. 

\Vhen the feedback circuit is applied to a closed two-delay 
regulator vsystem, the auxiliary equation becomes 

(1 + Tip){l + T2p){ 1 + Tfp) + {A + K^)Tfp + A - 0 

(30*85) 

This is a thinl-order equation which cannot be solved in 
general terms. Solutions can be obtained, however, if numer- 
ical values are assigned to the amplification factors and the 
time-constant ratios. Numerous combinations of values are 
possible. One condition of particular interest for comparison 
with the preceding examples is a combination of feedback- 
circuit constants which critically damps the system when 
A = 24.5 and N = T 2 /T 1 == 10. One such combination 
gives an auxiliary equation having three ecpial roots. The 
values corresponding to tliis condition arc 


Tf 

K' 


Ijl 

6.58 

98.7 


The complete solution of the system equation using these 
values for a suddenly applied constant reference quantity 
with the system initially at rest is 


X 

Xo 


24.5 




1 + 2.56 h 3.17 

Ti 


TiV 


(30-86) 


This equation is plotted as cun'e E in Fig. 30 - 17. The re- 
sponse is slightly better than that obtained with the circuit 
of Fig. 30-19. 
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With increased feedback and amplification the rate of 
response can be increased in this case also. For example, 
with K' = 157.5 and A = 249, the system is again critically 
damped and has an auxiliary equation with three real roots. 
The speed of response is approximately 3.3 times as fast as 
that represented by cim^e E of Fig. 30-17, or slightly faster 
than that intlieated by curve B, 

When feedback is applied around two or more delays there 
is a tendency towai-d oscillation around the feedback loop. 
Such oscillations usually can be made to decay rapidly by 
changing the feedback circuit constants or by adding addi- 
tional feedback circuits around fewer delays. Since the 
frequency of these oscillations may be relatively high, in 
some cases they will not appear in the regulated quantity 
with noticeable magnitude. 

Alternative Anti-Hunting Circuits 

The anti-hunting circuits described thus far have consisted 
solely of simple combinations of resistors and capacitors. 
Various other circuit arrangements are equally effective. 
Some of these are illustrated in Figs. 30 -21, 30-22, and 30.23. 
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Fig. 30*21 Four common types of antit-ipaior circuits for use with d-c 
error voltages. 


Figure 30-21 shows the basic anticipator circuit (a), which 
has already been described, and three common variations. 
These anticipators arc useful only with direct-current error 
voltages. The ratio of output voltage to input voltage for 
each circuit is of the form 

— = A: — 

e 1 + kTaP 

where k = R 2 /(Ri + ^ 2 )* The anticipation time Ta for 
each of the circuits is as follows: 

(a) Ta - RiC 



It will be noted that when R 3 = 0, circuit d is identical with 
the basic circuit a. Circuit d is particularly useful where Ri 
and R 2 must be relatively small for some reason. In this 
case circuit a requires a relatively large capacitor to obtain a 
given time constant, whereas with circuit b the capacitor can 
be small if R 3 is large. 



Fig. 30 • 22 Anti(*ipator circuits for use with a-c error voltages. 


The circuits of Fig. 30-22 are sometimes used as antici- 
pators when the error signal is an alternating voltage of fixed 
frequency such as is obtained from the control-transformer 
error detector of Fig. 30-10. The elements in the parallel- 
T portion of circuit a in Fig. 30-22 arc proportioned as 
follows : 

C" I 

W = 2/e"; C' = — ; R'C = — 

2/ 0)0 

where wo is the angular frequency of the applied alternating 
voltage. With these values the voltage output of the par- 
allel-T circuit c" is zero when the error voltage e is constant. 
When e is varying, the output voltage c" is proportional to 
the rate of change of e. The voltage c' is directly proportional 
to the error voltage. Thus ci consists of one component of 
voltage proportional to error and another component pro- 
portional to rate of change of error. This is the characteristic 
feature of all anticipator circuits. 

Circuit h of Fig. 30-22 is a simpler circuit with similar 
characteristics. The anticipation times obtainable ^^^th both 
circuits are relatively small, and consequently their applica- 
tion is limited to low-power regulator systems with small 
time delays. Moreover, because the anticipation time of 
these circuits is inversely proportional to the applied fre- 
quency, they are of little value for frequencies much above 
60 cycles per second. 



Fig. 30-23 Three common types of feedback circuits. 


(c) 

where n 



the transformer turns ratio 


Ta 


R1R2 + Blfts “h §2^3 ^ 

■ ■ ' V/ 


Figure 30 ’23 shows the basic feedback circuit a with two 
important modifications. The ratio of the output voltage et 
to input voltage e for the various circuits is 


(a) 

where T/ = RC. 


Cl 


T/P 


(d) 


e 1 + T/p 
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,,, ei nTfp 

e I + Tfp 

where 7/ = L/R 

n =» the transformer turns ratio. 

e T + Tfp + rvr' V 

where Tf = RC 
T'f = L/R. 

Circuit b is especially useful where it is necessary to keep 
the error-measuring circuit electrically insulated from the 
circuit from which the feedback must be derived. The trans- 
former primary is usually connected across a d-c source; 
therefore, the transformer must be so designed that its core 
is not saturated by the primary current.^* 

Circuit c is a variation of circuit a. With optimum circuit 
constants it can be adjusted to give almost as much stabilizing 
effect at hunting frequencies as circuit a, but with consider- 
ably less “holding-back^* effect at rates of change lower than 
those corresponding to hunting frequencies. The rate of 
response of a system with circuit c is consequently somewhat 
faster than that with circuit a but the system damping is 
slightly worse. 

Numerous arrangements other than those discussed in this 
section are also used in regulator practice for stabilization 
or for obtaining special performance characteristics. For 
example, in speed or position regulators of the type discussed 
above, a voltage proportional to the generator-motor arma- 
ture current is sometimes fed l)ack either directly or through 
modifying networks such as those shown in Fig. 30*23. 
Voltages proportional to various aspects of the output motion 
such as speed or acceleration may also be fed back. Fre- 
quently regenerative or positive feedback is used in small 
amounts to eliminate certain steady-state errors. A discus- 
sion of all the possible variations is beyond the scope of the 
present work ; for further details the reader is referred to the 
list of references appended to this chapter and to other 
publications on the subject. All possible modifications are 
susceptible to analysis by means of the basic principles briefly 
outlined above. 

30- 10 APPLICATIONS 

Electronic regulators are used in almost every industry for 
improving quality, increasing production, or for higher econ- 
omy of operation. Certain processes are not possible at all 
without automatic regulation of some form. A brief review 
of even a reasonably complete list of typical applications 
cannot be included here. The several applications discussed 
illustrate the importance of electronic regulators as used in 
complex processes and indicate the proportions to which 
they have grown. However, their field of usefulness is being 
rapidly extended. 

During World War II vast strides were made in regulator 
theory and design. The amount of development work for 
military purposes was tremendous. Most of this knowledge 
is applicable to the solution of peacetime regulator problems 
in industry. Much work is being done along these lines in 
the refinement of industrial systems and processes. 


Multicolor Press Register Regulator 

In multicolor printing the basic color impressions must be 
placed on top of one another with a high degree of accuracy; 
otherwise, the finished print has a blurred appearance dis- 
pleasing to the reader. To provide continuous regulation of 
register to an accuracy of 0.003 inch or better on rotary-web 
presses operating as high as 1500 feet per minute, all-elec- 
tronic regulators are used. Employing the photoelectric 
principle, these devices respond in the microsecond intervals 
available for error detection, and their fast action keeps the 
number of rejects to a minimum. 

The application of one type of register regulator is shown 
in Fig. 30*24. The paper or web is fed through the presa 



Fig. 30*24 Schematic regulator installation as applied to a multicolor 
printing press. 

continuously. The first color impression is usually yellow, 
and when it is made a small yellow line is also printed near 
the margin of the web at 2^-inch intervals and at right 
angles to the direction of travel. These register marks are 
about 0.010 inch wide, from ?/8 to inch long, and arc the 
means of indicating the position of the web as it progresses 
through each suceeding printing stage. 

On a lineshaft-driven press, rotation of a slotted disk is 
synchronized with the yellow impression cylinder. A master 
photoelectric scanner, observing the disk, provides electrical 
impulses which are in exact time phase with the register 
marks as they are printed. Close to each succeeding impres- 
sion cylinder, identical photoelectric scanners observe the 
yellow register marks as they arrive at these locations and 
provide similar electrical impulses. Because all impression 
cylinders are driven from a common shaft, their positions 
relative to the shaft, and hence the impulses from the master 
scanner, are fixed. Thus, impulses from each of the web 
scanners are compared in time phase with the impulses from 
the master scanner. A difference between the two initiates 
a correction to bring them into exact coincidence. 

The register regulator shown in Fig. 30*25 for performing 
this function is of the dead-zone type. The circuit element 
for comparing the time phase of impulses from the master 
scanner and a web scanner is the multivibrator trigger circuit 
comprised of tubes 1 and 2. Impulses from the master scan- 
ner are impressed on the grid of tube 1 ; impulses from a web 
scanner (for example, the scanner located at the red impres- 
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sion cylinder) are applied to the grid of tube 2. If the arrival 
of the register marks at this location is such that correct 
register of red on yellow occurs, impulses from the two scan- 
ners are impressed on the grids of tubes 1 and 2 at the same 
instant. The periods of maximum current in each tube are 
equal, and a square wave of equal positive and negative half 
cycles is obtmned from their plate circuits similar to that 
shown in Fig. 30*26 (a). 


occurring, the alternating components of bias voltages applied 
to the grids of the thyratrons from capacitors Cl and C2 are 
sufficiently small to permit conduction in both tubes. An 
alternating voltage is applied to the shunt field of the com- 
pensating motor. The net flux in the motor is therefore 
zero, and no rotation occurs. 

The function of the duplex diode is to shift the cathode 
potentials of the thyratrons relative to their grids. This shift 



The square-wave output voltage is applied to the grids of a 
duplex triode tube whose function is to decouple the trigger 
circuit element from the resistor-capacitor smoothing circuit. 



(a) TRIGGER CIRUIT OUTPUT FOR CORRECT 
REGISTER 


ir~rnr~rnr 

(b) trigger circuit output during incorrect 

REGISTER 

Fig. 30*26 Wave forms of trigger circuit output voltage. 

The plate circuit of this tube also furnishes the necessary 
voltages for the indicator tube for visual indication of the 
conditions of register. 

The voltages appearing across capacitors Cl and C2 form 
part of the bias voltages of two thyra&on tubes connect^ in 
inverse-parallel. When correct register of red on yellow is 


is such that the a-c voltage on their anodes is prevented from 
upsetting the bias voltage conditions of the tube whose in- 
stantaneous anode voltage is positive. 

If web position at the red impression cylinder is incorrect 
for exact register of red on yellow, electrical impulses from 
the web scanner and the master scanner no longer coincide. 
One of the tubes in the trigger circuit passes maximum current 
for a much longer period than the other, and the wave ob- 
tained from their plate circuits is no longer symmetrical. 
Assuming that impulses from the web scanner lag those from 
the master scanner, plate current of tube 1 is maximum essen- 
tially all the time; maximum current exists in the plate circuit 
of tube 2 only during the short interval of lag between the 
two sets of impulses. The voltage wave is similar to that 
shown in Fig. 30*26 (6). The action of the resistor-capacitor 
smoothing circuit is to remove the short-time reversal from 
this wave entirely, resulting in a unidirectional voltage across 
capacitors Cl and C2. The magnitude of this voltage is 
sufficient to prevent one of the thyratrons from conducting. 
The other thyratron, conducting each time its anode is posi- 
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tive, applies rectified a-c voltage to the field of the compensat- 
ing motor, and rotation is in the direction to decrease tension 
of the web between yellow and red impression cylinders. 
Correction ceases after the two sets of impulses again coincide, 
indicating exact register. If the web impulses lead the master 
impulses the opposite response of the system occurs, the 
motor rotating in the reverse direction to increase web ten- 
sion. Changes in web tension are momentary, nominal 



Fio. 30*27 Complet-e assembly of regulators for a multicolor press 
for printing both sides of the paper simultaneously. 


tension being restored after a short time, as is evident from a 
consideration of the amount of paper entering and leaving a 
given loop. 

Armature power for the compensating motor is supplied 
by a grid-controlletl thyratron rectifier of the full-wave type. 
Control tubes in this element of the system provide current 
limit operation of the motor. To obtain the maximum speed 
of correction consistent with stable operation, means for 
adjusting motor speed over a wide range are incjluded. 

Because this regulator is of the dead-zone type, the speed 
of the compensating motor is independent of the amount of 
position error existing in the web at the scanning location. 
The width of the dead zone is a function of the tube charac- 
teristics and other components of the trigger circuit, and is 
defined in units of time rather than distance. No adjustment 
is possible since the time characteristics of the trigger circuit 
are fixed by design. The dead zone permits the web to vary a 
small amount from the position for proper register without 
initiating a correction. Limits of variation are a function of 
web speed. Under the worst conditions, misregister resulting 
from the dead zone is within the acceptable limitsof 0.003 inch. 
The principal time delays of the system are the mechanical 
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time constant of the compensating motor and its connected 
load, the equivalent time constant represented by the ratio 
of the length of paper between impression cylinders to the 
speed of the web, and the time delay in the motor shunt 
field. Since three major time delays are present, oscillation 
of the system can occur. However, the mechanical time con- 
stant and the field delay arc short compared to the other time 
lag, and the system is inherently quite stable. Stability is 
further improved by limiting the speed of the compensating 
motor to a value no higher than the application requires. 

The phototube used in each scanner is a photomultiplier 
type such as the 931 A. Spectral response of this tube is 
maximum in the blue region; consequently, the thin yellow 
register mark, which to the eye is haid to distinguish on white 
paper, appears black to the photomultiplier tube, and thus 
gives maximum contrast. Vibration encountered on the 
press structure has little effect on the signal-to-noise ratio. 
Moreover, the high amplification obtained in the tube pro- 
vides a strong output signal from the feeble light impulses. 

Impedance-matching transformers in the scanners and the 
mixing panels provide high fidelity of impulse signal at the 
trigger circuits with separations of 100 feet or more between 
the two components. 

Figure 30*27 shows a complete multicolor press register 
regulator assembly. Thyratron tubes are shown in only one 
circuit. 

Speed Regulator for Wind-Tunnel Drive 

To obtain high accuracy in wind-tunnel experiments, the 
speed of the propellers must be maintained within close 
limits. On some of the large modern drives, this problem is 
by no means simple. As the horsepower of the drive in- 
creases, the electrical equipment becomes more elaborate, 
and the problem of holding constant speed becomes increas- 
ingly difficult. In fact, wind-tunnel drives represent some of 



Fig. 30*28 A typical large wind tunnel. 


the most complex regulated systems yet encountered. For 
example, the mathematical expression describing the char- 
acteristics of the complete system shown in Fig. 30*28, in- 
cluding stiffnesses of the synchronous machines and the pro- 
peller shafts, is an eleventh-order differential equation. For 
practical purposes the equation can be reduced to a sixth- or 
seventh-order equation by neglecting certain effects which 
are relatively unimportant. 


Applications 
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A method for regulating the speed of the tunnel motor in a 
variable-frequency system is shown schematically in Fig. 
30-29. The regulator is a proportional type, and it functions 
to maintain constant the frequency of the a-c supply to the 
synchronous motor driving the propeller. 

Essential components of the regulating system are a speed- 
measuring pilot generator, a constant reference voltage, an 
electronic amplifier which furnishes power for two fields of a 
Ilototrol supplying part of the excitation requirements of the 


The output stage of the amplifier includes two power tubes 
of the vacuum type connected in push-pull. Each tube sup- 
plies excitation to one of the two opposing Rototrol fields. 
With zero voltage input to the amplifier, currents in the two 
fields are equal. Because the Rototrol has a 100 percent 
self-energizing field connected in its armature circuit, any 
value of steady-state excitation required by the auxiliary 
field of the constant-speed d-c machine can be maintained 
with zero error voltage. Any momentary error voltage other 



d-c machine on the constant-speed motor-generator set, a 
current-limiting circuit, and the required stabilizing circuits. 

A small change in speed of the tunnel motor is accompanied 
by a change in pilot generator voltage. The difference (or 
error) between this voltage and the reference voltage is am- 
plified by the electronic element and the Rototrol to provide 
a change in excitation on the constant-speed d-c machine. 
This change in excitation is in the direction to reduce the 
initial change in speed. 

The system is stabilized by using both anticipation and 
feedback. Without these important elements excessive 
overshooting and sustained oscillation would occur because 
of the many time delays in the system. Components of the 
anticipator circuit are resistors Rl and R2 and capacitor Cl, 
all forming part of the error-measuring circuit. Resistor RS, 
potentiometer P2, and capacitor C2 constitute the feedback 
network. The feedback voltage is obtained from the Rpto- 
trol armature circuit. The voltage appearing across resistor 
JK3 is a function of the rate of change of Rototrol voltage. 


than zero causes the current in one Rototrol field to increase 
and the current in the other field to decrease. The action of 
the self-energizing field after the ensuing transient is to re- 
store the balance of the Rototrol regulating fields by causing 
sufficient change in the auxiliary field winding of the constant- 
speed machine to produce the correction in speed necessary 
to return the error voltage to zero. The steady-state error 
voltage is thus maintained at zero throughout the entire 
regulator range. 

In practice the tunnel motor is operated over a wide speed 
range for different test requirements. If a rapid change in 
speed is made, current flowing in the armature circuits of the 
main d-c machines could reach excessive values if provisions 
were not made to limit it. The current-limiting circuit shown 
in Fig. 30 • 29 performs this function. A current measurement 
is obtained from the voltage drop across the commutating 
field of one of the d-c machines. This voltage, applied to the 
rectox and resistor network, forms part of the bias voltages 
on the grids of tube 2, both elements of which are normally 
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biased beyond cut-off. When the main armature current 
exceeds a value determined by the setting of potentiometer P4, 
the bias voltage on one of the elements of tube 2 becomes less 
than the cut-off value, and the resulting plate current alters 
the grid voltages of the power tubes. The original unbalance 
of the llototrol fields causing the high current is thus modified 
in the direction to reduce the current in the main armature 
circuit. The rate of acceleration or deceleration of the system 
may thus be controlled at values which are safe for the elec- 
trical equipment. 

Quite often electronic regulators are designed with insuffi- 
cient consideration of the effects of leakage currents in com- 
ponent circuits, and erratic performance is thus encountered. 
The circuits including tubes 1 and 2 of Fig. 30-29 are novel 
in this respect in that essentially a common terminal exists 
between the error circuit, the feedback circuit, and the 
current-limit circuit. It will be noted that any paths where 
leakage currents may flow contain only low impedances. 
Thus voltage drops as a result of leakage currents either are 
not in critical portions of the circuit or arc small enough to 
have a negligible effect on performance. This highly desirable 
feature is made possible by use of the phase-inverter circuit 
of tube 1. With this arrangement, the feedback voltage is 
introduced in the grid circuit of the second clement. Leakage 
currents which may flow through the feedback circuit (cannot 
affect the grid voltage of the first element of tube 1. 

Amplifier sensitivity is controlled by a variable resistance 
linking the cathodes of tube 1. This resistance controls the 
amount of degeneration which occurs and thus determines 
the over-all gain. 



Fia. 30-30 A propeller-drive installation in a large wind tunnel for 
testing full-size airplanes. Each of the six motors delivers a maximum of 
6000 horsepower to a 40-foot-diamcter propeller. The size of the equip- 
ment is emphasized by comparison with the man standing on the motor 
support in the lower center. 

Figure 30-30 illustrates the enormous size of equipment 
which is precisely controlled by regulators of the type de- 
scribed above. 

Speed Regulator for a Sectional Paper Machine 

The various sections of paper-forming machines are fre- 
quently driven by individual motors. A typical machine with 


sectional drive is shown in Fig. 30*31. With this type of 
drive the relative speed of each section must be held within 
0.1 percent or less to insure proper tension or ‘‘draw^^ of the 
web. Automatic regulation is the only solution because man- 
ual control is inade(|uato if not impossible. In addition to 
the high steady-state accuracy, the automatic regulating 



Fio. 30-31 A typical paper-forming machine with individual motors 
driving each sc‘ction. 


device must provide quick response of all sections including 
those having high inertia and long time delays, and must be 
suitable for 21-hour-a-day service without excessive main- 
tenance. Recently, all-electronic regulators have l)ccn de- 
veloped as a general improvement over previous methods. 
The new devices are adaptable to either single-generator or 
multiple-generator systems. 

Figure 30*32 shows schematically one type of automatic 
regulator for use on a paper machine equipped with sectional 
drive. Each motorized section of the machine requiring indi- 
vidual ‘‘draw^^ or relative-speed control has its own electronic 
regulating elements. A separately driven master set acts as a 
reference to which the performance of each section of the 
machine is compared; the regulators function to maintain 
relative speeds constant. 

In a complete regulated system, an a-c tachometer genera- 
tor forming part of the master set furnishes a reference signal. 
A similar a-c tachometer, driven by the section motor to be 
regulated, supplies a signal whose magnitude is a function of 
section motor speed. After rectification these two signal 
voltages are filtered and combined in opposition to each 
other. Any difference voltage, indicating incorrect speed 
relation between the master and section motors, is amplified 
in a two-stage d-c amplifier whose output forms part of the 
grid bias circuit of a three-phase, half-wave thyratron recti- 
fier. The resulting change in rectifier output, and hence 
shunt-field excitation of the section motor, causes the motor 
speed to change in the direction to decrease the difference 
voltage. 

Accuracies of the order of 0.1 percent require high system 
amplification. The system has three principal time delays, 
namely, the time constant of the section-motor shunt field, 
the mechanical time constant, and the armature-circuit time 
constant. System stability is therefore obtained only through 
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the use of suitable anti-hunting elements. Both anticipation 
and feedback are sho^vn in Fig. 30*32. A voltage propor- 
tional to rate of change of error voltage supplements the 
normal grid voltage of the second stage of d-c amplification. 
This voltage is produced by the charging and discharging 
current of capacitor C flowing in resistor R2 during changes 
in plate current of the first amplifier stage. 

Grid voltage on the second amplifier element is further 
modified by a feedback voltage proportional to rate of change 
of motor field current. This voltage is obtained through a 
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tate rapid withdrawal. Electrode positioning is usually 
accomplished by a d-c motor operating through either me- 
chanical or hydraulic elements. 

Inasmuch as the voltage drop across the arc decreases as 
the current in the arc increases, a definite relation exists 
between the two quantities for every value of power input. 
To produce the required results, therefore, any automatic 
device for regulating the position of the electrodes must be 
responsive to both arc voltage and arc current in such a way 
that this relation is maintained. A simplified circuit of an 
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Fig. 30-32 Simplificcl circuit diagram of a regulator for accurately regulating the relative aj^eed of one section of a paper machine. 


damping transformer whose primary is excited in proportion 
to motor field current. 

The required occasional adjustment of draw between sec- 
tions is obtained by speeding up or slowing down the section 
motor relative to the master set. These adjustments are 
accomplished by changing the relative magnitude of the 
master signal applied to the input terminals of the individual 
electronic units. For each master-signal input voltage there 
is a definite section tachometer speed which satisfies the re- 
quirements for zero difference voltage. 

Electric-Arc Furnace Regulator 

Power input to an electric-arc furnace such as that shown 
in Fig. 30*33 is controlled by adjustment of the position of 
the electrodes relative to the charge in the furnace. Frequent 
adjustment of position is necessary for several reasons. As 
the charge melts down, the electrodes must be lowered in 
order to maintain the arc. During operation the graphite 
electrodes are gradually consumed, and adjustment for this 
condition is necessary. Occasional short circuits caused by 
pieces of melting metal falling against the electrode necessi- 


clectronic regulator for this purpose is shown in Fig. 30*34. 
Individual motor and control equipment is required for each 
electrode of the furnace. The control for only one electrode 
is shown. 

The regulator operates by controlling the speed of the d-c 
motor over the required wide range by variation of the 
voltage applied to its armature, the shunt field excitation 
remaining constant. Armature-voltage supply is provided 
by two separate full-wave grid-controlled thyratron rectifiers. 
One of these rectifier elements runs the electrode motor in 
the direction to lower the electrode; tlie other, furnishing the 
opposite polarity to the motor terminals, raises the electrode. 

Output voltage control of each rectifier is obtained in 
the conventional manner by a combination of d-c voltage 
and phase-shifted a-c voltage on the thyratron grids. The 
d-c component for each rectifier is furnished by a separate 
regulating tube whose output is determined by both are 
voltage and arc current. 

In Fig. 30*34 the grid voltage for tube 1 includes the 
voltage drops across resistors R1 and 722, each respectively 
proportional to arc current and arc voltage. Because these 
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voltages oppose each other, their sum is zero for correct arc 
conditions. Any unbalance as a result of changing arc con- 
ditions alters the grid voltage of tube 1, and the change in 
its plate current flowing through potentiometer PI modifies 
the d-c component of grid voltage on thyratrons 3 and 4. 
The same circuit conditions apply to tubes 2, 5, and 6 except 
that the polarities of the control voltages proportional to arc 
voltage and arc current are reversed. 

When power is first applied to the furnace, maximum volt- 
age appears across 722, causing the current in tube 1 to 
decrease and thereby making the grids of tubes 3 and 4 less 
negative. These thyratrons then conduct current, and the 
motor rotates in the direction to lower the electrode. Upon 
contact of the electrode with the metal in the furnace, the 
voltage across R2 drops to zero, and tubes 3 and 4 cease to 
conduct. When the second electrode strikes the metal a 
high current flows and a voltage appears across R3 which 
causes the output of tube 2 to decrease and permits thyra- 
trons 5 and 6 to conduct. The motor then operates in the 
reverse direction, the electrode is raised, and the arc is 
established. The arc continues to lengthen until the re- 
quired balance between potential and current control voltages 
is reached. 

To preclude the possibility of both rectifiers attempting 
to supply power to the motor simultaneously, blocking re- 
sistors R7 and 728 are necessary. For example, assume that 
the rectifier for electrode lowering is conducting. The cur- 
rent flowing in the motor armature from A to B also flows 
through resistor 727, which is in the grid circuit of tube 2. 
The potential thus appearing across this resistor ultimately 
causes the grids of thyratrons 5 and 6 to become highly 
negative, and conduction by these tubes is thus impossible as 
long as thyratrons 3 and 4 are firing. 

Speed of response of the system is practically instantan- 


eous. There are no time delays within the electronic com- 
ponents of the regulator. Motor-armature inductance is very 
small. The only delay of any consequence is that repre- 


Fig. 30 >33 An clectric-arc furnace showing; the three electrodes con- 
trolled by the positioning motors. 




Fig. 30*34 Circuit diagram of a regulator for controlling power input to an electric-arc furnace by means of electrode positioning. 
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rented by the mechanical time constant. Consequently, the 
system is inherently stable. However, a refinement in per- 
formance is obtained by the action of resistors ifO and fllO. 
If an unbalance in the potentials across /21 and R2 is assumed, 
the lowering rectifier will apply a definite voltage to the motor 
armature. However, a portion of this voltage is obtained 



Fig. 30*35 Complete assembly of regulators for controlling the elec- 
trodc.s of a three-phase electric-arc furnace. 


from the drop across 7210 and fed back into the grid circuit 
of tube 1. The polarity of this “speed’^ voltage is such as to 
oppose the action produced by the initial unbalance of 721 
and R2 voltages. The effect of this feedback is to minimize 
the overshoot following re-establishment of balance between 
721 and 722 potentials. 

Figure 30*35 shows a complete assembly of three indi- 
vidual regulators for controlling the electrode motors on a 
three-phase arc furnace. The regulators together with the 


auxiliary control equipment are all mounted in a single steel 
enclosing cabinet for ease in assembly, test, and installation. 
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RESISTANCE-WELDING CONTROL 

C. B. Stadum, E. T« Hughes, F. R. Woodward, and H. J. Bichsel 


I N order to visualize properly the field of electronic control 
for resistance welding, an understanding of the funda- 
mental theory and application of the welding process is 
desirable. On some work electronic controls are not econom- 
ically preferable but, in general, electronics has broadened 
the application and improved the quality of resistance weld- 
ing to such a degree that it is considered indispensable to the 
process. 

Resistance welding is the process of joining two or more 
metallic parts to form an assembly, the heat for the formation 
of the weld being created by the resistance of the parts and 
welding-machine electrodes to the passage of electric current 
supplied by the welding machine. 


31-1 FUNDAMENTALS 

Arrangement of the resistance-welding equipment compo- 
nents is illustrated in Fig. 31*1. It consists of : a rigid frame 



TRANSFORMER 

Fig. 31 • 1 Asynchronous welding-control system. 

housing a high secondary-current welding transformer; the 
electrodes for contacting the work ; the conductors connecting 
the electrodes with the welding transformer; means for exert- 
ing electrode pressure on the work; means of current regula- 
tion, either by regulation of transformer turns ratio as illus- 
trated, or by electronic control; a contactor to internipt the 
power to the welder transformer; and a timer which is cap- 
able of controlling the action of the contactor within the 
limits of accuracy required to produce the desired weld char- 
acteristics. 

An illustration of a t 3 q;)ical resistance-welding process, 
49 uch as spot welding, is shown in Fig. 31*2, and it indicates 


the composite effects of heat generation and losses for the 
process. The heat being generated in these parts is calcu- 
lated by the formula 

W^PRt (3M) 

where W is the heat in watt-seconds, I is the current in am- 
peres flowing through the weld, R is the resistance in ohms, 
and i is the time in seconds. 



Not all the heat is generated at the proper point — at the 
juncture of the weldments (parts being welded). The flow 
of heat to or from this point, assisting or retarding the crea- 
tion of the proper localized welding heat, is governed by the 
heat gradient established by the welding-current action on 
the various resistive components. 

The factors affecting the amount of heat being produced 
by a given welding current for a unit of time are: 

1. The electrical resistance of the materials being welded. 

2. The electrical resistance of the electrode materials. 
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3. Tho contact resistance between weldments as deter- 
mined by surface conditions, scale, welding pressure, and 
so on. 

4. "Fhc contact resistance between the electrodes and weld- 
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operates a considerable number of electrodes, one for each 
required spot in the assembly, together with the necessary 
locating means. Here the electrodes operate in sequence by 
means of individual hydraulic pressure applications and weld 


Rcsistance^Welding Cmdrol 


ments as determined by surface conditions, area of electrode 
contact, and welding pressure. 

The weld heat losses are due to the removal of heat from 
the weld area by the electrodes, usually water-cooled, and 
by the material in the weldments themselves from the 
localized area where it is desired to produce a weld. 

31-2 SPOT-WELDING MACHINES 

Spot welding is that resistance-welding process which 
unites two or more sheets of metal, producing a lap joint by 
concentrating the welding current and pressure on the mate- 
rial by means of relatively small electrodes. 


'WLR AkV 
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ROCKER ARM SPOT V>^ELDER 


Fio. 31 *3 Rocker-arm spot welder. 

Many types of spot-welding machines are manufactured 
as standard equipment. Figure 31-3 shows a spot welder 
and associated equipment. This type of spot welder neces- 
sitates the use of devices for maintaining proper placement 
of the weldments to insure the proper relationship of the 
various components in the completed assembly. These 
devices must necessarily be light in weight since they, 
together with the work, must be handled by the operator 
and moved along the machine. 

The portable or 'Oglin'' welder, illustrated in Fig. 31 *4, 
consists of a portable assembly of electrodes, arms and means 
of applying pressure, and is connected to its transformer by a 
pair of heavy welding cables carrying the secondary or weld- 
ing current. The welding electrodes can be moved around 
relatively independently of the heavy equipment such as the 
welder transformer and controls. This type of welding 
equipment is customarily used on assemblies which are diffi- 
cult to handle at a stationary type of machine. Since the 
work and fixture remain stationary in this weld process, the 
locating devices may be as heavy and cumbersome as neces- 
sary in order to accomplish the desired location. 

Another type of spot-welding equipment is that knowh as 
the ^liydromatic’^ or ‘‘multispot^^ welder (Fig. 31*6), which 




Fio. 31 *4 Portable or gun welder. 


power control. This type of etjuipment is necessarily con- 
structed to do a particular welding job, and is special in 
that it must be rebuilt in order to be adapted to another 
assembly. 

31-3 SPOT-WELDING TECHNIQUE 

Any combination of metals, similar or dissimilar, can be 
resistance- welded to achieve a bond. Iliis bond may or 
may not be sufficient for the design requirements. In order 



Fig. 31*5 Hydromatic or multispot welder. 


to produce a strong weld, it is necessary to bring the contact- 
ing surfaces of the two weldments up to their respective 
welding temperatures at the same time and cause a bonding 
of a portion of each weldment in the formation of a “weld 
zone,'' “nugget," or “slug," terms typical of certain types of 
reristance welding. Thus, it is difficult to produce a satis- 
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factory weld between two dissimilar metals which will not 
alloy, and any weld so produced — often termed a ‘‘stick"' 
weld — will be nothing more than a surface molecular inter- 
locking joint. 

Materials can be better welded if the weldments are of 
nearly the same shape or thickness, if the materials have 
approximately the same electrical resistance and melting 
point, and if they will alloy properly. If extreme variations 
of electrical conductivity or weldment mass are present, it 
is possible to control to some degree the heat generated in 
and lost from the separate weldments by: 

1. Use of an electrode of low conductivity against that 
material in which it is desired to increase the weld heat. 

2. Use of a smaller electrode face to increase the heat in 
the desired part. 

3. Use of short weld time, limiting all heat losses. 

It is possible to approximate the required spot-welding 
set-up values from an examination of the physical charact>er- 
istics of a given material. Thus, the proper electrode mate- 
rial is selected after consideration of the electrical conduc- 
tivity, surface conditions, and yield strength of the weldment 
materials. Lower conductivity of the materials allows the 
usage of lower conductivity, harder electrodes since lower 
welding currents will be required. Poor surface conditions 
are compensated for by high-conductivity electrodes, because 
these softer electrodes will not “mushroom" excessively at 
the lower welding pressure required. 

The duration of power application, or “weld time," re- 
quired for the production of a spot weld having the desired 
characteristic of internal weld and external appearance, ap- 
pears to be governed almost entirely by the thickness of the 
materials being welded. 

The temperature gradients appearing across a spot weld 
at the completion of 20 percent of the weld time and at the 
end of the weld time are pictured in Fig. 31-2 according to 
the author’s interpretation of this process. It can here be 
seen that the water cooling of the electrodes effectively limits 
the temperatures attained at the points of electrode contact 
with the weldments, and reduces adverse heat effects on 
these areas. The figure also indicates the considerable in- 
fluence^ of contact resistance in the generation of heat during 
the first portion of the ^yelding period. During the latter 
portion of the welding period, the weld nugget becomes 
thicker because the heat is generated by the body resistance 
of the material. Thus welds produced with longer “weld 
time" have a thicker weld nugget. 

As a general rule, the weld time may be set up as equal to 
150 cycles per inch thickness of the thinner sheet in contact 
with an electrode, if this thickness is 0.025 inch or less (one 
cycle — second). On heavier materials the time required 
is about 250 cycles per inch thickness. If the welding equip- 
ment is deficient in pressure or welding current, or has high 
mechanical inertia, it will be necessary to increase the weld 
time to get optimum results. Timing of less than five cycles 
should never be attempted without precise control equip- 
ment to eliminate inconsistencies. 

The use of adequate electrode pressures results in the fol- 
lowing effects contributing to good welding results: 
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1. Pnxluction of local intimate contact, concentrating 
current flow in the desired area. 

2. Reduction in weld porosity caused by the low boiling 
point of certain elements. 

3. Assistance in reducing cooling cracks by compensating 
for internal shrinkage with an external follow-up pressure. 

4. Reduction of the tendency of the electrodes to alloy 
with the material being welded. 

The electrode force or pressure requirement of the spot- 
weld process is higher for thicker materials, materials having 
higher yield strength, and those covered with scale, rust, or 
protective metallic coating. Thus, while 0.050-inch thickness 



Fig. 31 *6 Results of excessive current. 


of hot-rolled low-carbon steel, pickled, can be welded readily 
^^ith 600 pounds tip force, material of 0.100-inch thickness 
requires about 1200 pounds for optimum results, and a steel 
such as NAX 9115, having approximately twice the yield 
strength of mild steel, will require about 1200 pounds for 
best results on 0.050-inch thickness. 

The current required for spot welding is determined some- 
what by the preceding factors of electrode (;ontour, weld 
time, and electrode force or weld pressure. These require- 
ments are also based on the electrical conductivity, thermal 
conductivity, and melting point of the materials welded. 
Since the thermal conductivity is, to a degree, proportional 
to the electrical conductivity, its individual consideration 
can be neglected. The melting point will not necessarily be 
the actual temperature required for welding, but it is a very 
important characteristic in estimating weldability of dis- 
similar metal combinations. 

Selection of proper spot-weld current values delivered con- 
sistently will result in: 

1. The required design strength. 

2. Good appearance with minimum tip indentation in the 
working or burning of the sheet surface. 
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3. A succession of spot welds consistent in strength. 

4. A minimum of electrode maintenance. 

5. A high rate of production. 

Figure 31*6 illustrates the result of the application of an 
excessive amount of current in making a spot weld. 

31-4 SPOT-WELDER SEQUENCE CONTROL 

In practice the spot-welding process must embody a syn- 
chronization of the mechanical operation of the welding ma- 
chine with the passage of welding current through the elec- 
trodes and materials, so that full electrode pressure may be 


weld pressure from the work, the electrodes separate, and 
the work is moved to the position where the next spot weld 
is desired. The sequence is then repeated, if the operator 
has not, in the meantime, released the pilot switch. 

By means of automatic sequencing devices of this t3rpe, 
production speed may be increased and weld consistency im- 
proved to the point where excellent-quality welding may be 
obtained on the lighter gauges of sheet metal at operating 
speeds above 200 spots per minute. 

Under some conditions the use of a '^pulsation'' weld time 
is desirable. This incorporates alteniate periods of ‘‘heat^' 
and ‘‘cool” times arranged over a total weld-interval time, as 
indicated in Fig. 31*8. This timing is particularly advan- 
tageous when relatively heavy materials, inch in thickness 




Fig. 31*7 Spot-weld timer functions. 


Fig. 31 *8 Pulsation spot weld. 


attained prior to the time of application of the welding cur- 
rent, and that this pressure may be maintained until the weld 
“nuggeU’ shall have cooled to a temperature where it regains 
a large portion of the inherent metal strength. The cooler, 
stronger material surrounding the weld nugget is thus forced 
by the welding pressure to move along with the inner plastic 
core of the weld as the latter shrinks on cooling, reducing any 
tendency toward formation of checks, cracks, or piping in 
the weld-nugget casting. Cracks in welds are therefore an 
indication of the possibility of an excessively short “hold^^ 
time after the end of welding current. 

In order to stabilize the welding conditions, it is desirable 
that the operations of weld timing and pressure application 
be accomplished automatically by means of some sort of se- 
quence control. In one type of sequence timer controls the 
spot welder functions as illustrated in Fig. 31*7, wherein the 
start of operation is at the beginning of the ‘‘squeeze time’' 
and is initiated by the operator's foot switch, pushbutton, 
or other means. A pre-set squeeze time allows the operation 
of the electrode pressure-actuating device and the attainment 
of the full weld pressure or electrode force before the initia- 
tion of the “weld time" wherein sufficient heat is generated 
in the part to produce the desired weld. The “hold time" 
then follows, allowing the weld to cool partially. During 
the “off time," the pressure-actuating device releases the 


and up, are being welded, especially if there are coatings of 
scale or nist on the surfaces. Pulsation welding is best 
applied on low-conductivity materials (less than 20 percent 
of copper, International Annealed Copper Standard), since 
heat losses become excessive on the higher conductivity 
materials with this process. 

31-6 WELDING ELECTRODES 

The electrodes of any resistance-welding machine are of 
prime importance from their influence on both production 
quality and operating cost. Electrode materials must carry 
large currents without burning or blistering with attendant 
work-marring effects, and must also have considerable me- 
chanical strength to withstand the high welding pressures 
and repeated impacts on the material being processed. Since, 
in operation, the electrode face becomes quite hot, it is desir- 
able that it have a high annealing temperature. An engineer- 
ing compromise is usually necessary between hardness and 
conductivity since no electrode material has both maximum 
hardness and highest conductivity. Strong high-conductivity 
copper alloys are available, however, in many degrees of 
hardness. 

The strength of the electrode material will be considerably 
greater and will reduce any tendency toward mushrooming, 
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if the temperature is maintained at a low value. Low surface 
temperature of an electrode may be maintained by the follow- 
ing means: 

1. Use of electrode materials having high electrical con- 
ductivity. 

2. Use of materials having high thermal conductivity. 

3. Use of low-temperature cooling water to other coolants. 

4. Use of adequate amount of electrode coolant. 

5. Maintenance of a clean, well-fitted joint between the 
electrode and the electrode holder. 

The maintenance of a given contour or tip diameter during 
production is necessary to control the welding results ol> 
tained. If very consistent welding results are desired or if 
the materials being proceased have critical welding require- 
ments, it may be necessary to machine the electrodes periodi- 
cally in order that the electrode diameter or contour may be 
re-restablished perfectly before it changes to a degree which 
may affect the weld heat. 

There are two general types of electrode faces in favor at 
the present time for spot welding. The dome type has a 
spherical radius formed at its working face. The proper 
radius of this dome is greater for the spot welding of materials 
having a higher yield strength. 

The flat type of electrode may be flat for tlie whole area 
of the electrode to reduce marking of the material, under 
which conditions its mating electrode must provide further 
localization of heat and pressure; or it may be flat for a 
reduced section at the tip of a truncated cone fonn, the sides 
tapering back to the full electrode section at an angle of 10 
to 40 degrees from the face. With this type of electrode, the 
diameter of the contacting face is usually greater than 

+ 0.1 inch, where i is the thickness of the contacting sheet 
of material. 

The use of dome tips is becoming popular among produc- 
tion men because of the following advantages over other 
electrode shapes: 

1. Ease of obtaining sjitisfactory electrode alignment in 
the machine. 

2. Ease of maintenance of original contour with repeated 
cleaning or dressing. 

3. Decrease in work marking with larger radius tips. Ex- 
cellent results arc obtained with electrodes having spherical 
radius faces of 4 to 10 inches. 

4. More variation in other weld set-up factors permitted 
because of the increase in effective contact area with an 
increase in heat in the weld. This increase in area with 
indentation into the welded material acts effectively in reduc- 
ing the tendency toward expulsion or ^^spitting^’ between the 
sheets being welded or between electrode and sheet, as illus- 
trated in Fig. 31-6. 

31-6 SEAM WELDING 

The process of seam welding is very similar to that of spot 
welding except that the stud-type electrodes of spot welders 
are replaced with welding wheels which roll along the work. 
The rate of welding is usually from 2 to 100 feet per minute. 
At the higher speeds the current application is continuous, 
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and each half cycle of alternating current produces a small 
weld overlapping the previously formed weld to form a con- 
tinuous seam. 

As indicated in Fig. 31*9, when best welding results are 
desired the welding power should be internipted to provide 
'^off^^ time for the cooling of each individual weld spot. One 
twelfth of an inch is a satisfactory spot spacing on No. 22 
gauge materials to produce a pressure-tight seam weld. On 
heavier materials, however, the spot spacing must be greater 
in order to prevent excessive build-up of heat ahead of the 
welding wheel. Spot spacing for seam welding two pieces of 
}^-inch material should be about 3-^ of an inch. Seam weld- 
ing of low-carbon steel can be accomplished very well with 



Fig. 31-9 Lap seam welder welding pair of tank stampings with a 
pressure-tight continuous seam. 


‘‘heat^^ and “coor^ periods of equal duration, but materials 
having greater conductivity or less weldability require a 
relatively longer ‘‘cooF^ time. With a 60-cycle power supply 
the relationship of weld timing, wheel speed, and spots per 
inch may be indicated by the eijuation 

300 

tu, + tc = — 

vN 

where ty; = weld time in cycles 
tc = cool time in cycles 

V = velocity or speed of welding in feet per minute 
N = spots produced per inch. 

Most seam-welding machines weld two pieces of material 
whose edges overlap. Figure 31*9 illustrates a circumferen- 
tial wheel arrangement of a lap seam welder welding a pair of 
tank stampings with a pressure-tight continuous seam. If 
the welding is not continuous, or the individual weld spots do 
not overlap, the weld is termed a roll spot or a stitch weld. 
Occasionally it is desirable to eliminate the double thickness 
of material at a joint by making a mash weld. Tliis can be 
accomplished very well on the lighter gauges of material by 
lapping the material about 134 times the sheet thickness and 
using broad flat welding wheels. The material must be 
clamped firmly in place so that the mashing action does not 
tend to shift the position of the sheets. 

Some butt-seam or tube welders of a more special nature 
are used to produce a longitudinal butt joint in the fabrica- 
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tion of pipe or tubing. This tubing is usually progressively 
welded at high speed, continuous power application with no 
interruptions other than the inherent 60-cycle alternations 
being used. 

A typical weld set-up for lap-seam-welding two pieces of 
18-gauge low-carbon clean steel utilizes a pair of welding 
wheels 8 inches in diameter, having a wheel face width of 
%2 exerting a weld force or pressure of 750 pounds. 



Fig. 31*10 Rocker-arm seam welder. 


The welding-w’heel speed is 9 feet per minute, and 11.1 spots 
per inch are produced w hen the timing schedule consists of 
two cycles ‘^on time^' and one cycle ^‘off time,’' with the weld- 
ing current 19,000 amperes. In this case, the necessity for 
power interruption at the rate of 1200 per minute requires 
that an electronic timer and contactor be employed, giving 
noiseless high-speed operation and insuring that successive 
half cycles passed to the welder transformer shall always be 
of opposite polarity. This is necessary for, if power were 
interrupted for an odd number of half cycles, producing 
successive current impulses of same polarity, the welder 
transformer would tend to saturate and draw excessive line 
current. 

31-7 PROJECTION WELDING 

Projection welding is a spot-welding process in which high 
localization of pressure and current is accomplished by means 
of irregularities or projections formed in one or both of the 
weldments. Since large flat electrodes can be used, electrode 
maintenance is considerably reduced. 

Butt and Flash Welding 

Butt and flash welding are those resistance-w elding proc- 
esses in which the butt ends of two pieces, such as rod or 
strip, are welded together. In a butt weld, the pieces are 
held together in firm contact while current heats the joint. 
After the heating of the joint, the two parts are forced to- 
gether under extremely high pressure, and a solidly fused 
joint results. In a flash w'eld the two pieces are held together 
lightly, and a current is passed through the joint. Burning 
of the joint, accomplished by vigorous flashing during the 
passage of the current, results in eliminating the irregular 


surface of the joint and in heating the joint so that a strong 
weld is made w^hen the tw o pieces are forced together under 
high pressures. 

31-8 TIMING 

The purpose of welding control is to: 

1. Start and stop the w elding current. 

2. Control the amount of welding current. 

3. Time the duration of the w elding current. 

4. Time the sequence of operation of the welding machine. 

Timing the duration of welding current is a matter of con- 
trolling the time interval during which the switch or contac- 
tor show n in Fig. 31 • 1 is closed. 

Duration of the welding current can be timed by the 
operator, who operates a pushbutton or manually operated 
switch. Welding time must be long, for an operator cannot 
consistently judge extremely small times. However, if 
welding current is of several seconds’ duration, this method 
is satisfactory. 

Some welding machines have motor-driven cams which 
raise and low^er the heads of the wielding machines. On this 
type of machine, an auxiliary cam times the duration of the 
welding current. The cam energizes a switch w^hich, in turn, 
energizes a magnetic or electronic contactor. Varying w'eld- 
ing time is obtained by varying the size of the cam. It is an 
awkward, slow process to adjust the cam to get variations 
in timing; therefore this system is not used except for high- 
production welding on which adjustments seldom are made. 

For increased ease of timing adjustment, a pneumatic or 
tube-relay timer can be used. In the pneumatic type of 
timer air is allowed to escape through an orifice, the size of 
which can be varied. The time recpiired for a given volume 
of air to pass through the orifice determines the length of 
welding time. Because the orifice opening can be varied by a 



I BELOW WELDING ZONE 
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Fig. 31*11 Welding zone as a function of current and time. 

needle valve, wielding time can be adjusted easily. The tube- 
relay timer uses an electronic timing circuit to actuate a 
relay, w hich in turn controls the wielding current. Pneumatic 
and tube-relay timers are equally accurate and easy to adjust; 
and although both are subject to a small amount of variation 
in timing, they are adequate for most timing functions. If 
no variation in time can be tolerated, the electronic timer is 
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used. This and the tube-relay timer are discussed in detail 
later. 

The importance of timing is illustrated by Fig. 31-11, 
which shows that a weld can be made with an infinite number 
of combinations of current and time. However, there is one 
combination of current and time which gives best welds. 
Other combinations may result in indentation of the weld or 
expulsion of the weld material. For example, in Fig. 31*11 
the combination of Ii and i\ gives optimum welding condi- 
tions. At these values of current and time, there is no exces- 
sive material indentation and no expulsion. If welding time 
becomes greater than ti there is expulsion of material and 
indentation of the metal. If it becomes less than ti the metal 
does not weld. 

In some materials such as mild steel I\ and i\ can vary 
somewhat (that is. A/ and U can be large). For these 
materials a tube-relay welding timer is satisfactory. How- 
ever, other materials such as aluminum have critical welding 
temperatures; the allowable variation in time and current is 
small, and the timer must be a precision timer. Equal in 
importance to the duration of welding current is the means 
of initiating current. One method of initiating may result 
in transient-free-welding currents; another method may cause 
transients. 

31-9 TRANSIENTS AND THEIR INFLUENCE ON 
WELDING 

In general, starting transients arc obtained when the weld- 
ing circuit is energized at an angle on the voltage wave which 
does not correspond to the natural power-factor angle. (The 
expression ‘‘energized at an angle on the voltage wave'’ is a 
convenient manner of expressing time.) That is, for a weld- 
ing machine of a given power factor there is a definite phase 
relationship (angular displacement) between the steady-state 
current and voltage waves. If the circuit is energized at an 
angle other than the power-factor angle, an asymmetric cur- 
rent wave is produced. Figure 31 12 illustrates the effect 
of closing the circuit at different points. In Fig. 31 • 12 (a) 
the first half cycle of current is small and of short duration; 
the second half cycle is larger. This condition is caused by 
energizing the circuit at a point behind the natural power- 
factor angle of the welder. Figure 31-12 (6) shows the pri- 
mary current when the circuit is energized at precisely the 
natural power-factor angle. No transients are present. 
Figure 31-12 (c) shows current for a weld energized at a 
point ahead of the natural power-factor angle; the first half 
cycle is much larger than the steady-state current, but the 
second half cycle is much smaller. In the cases shown in 
Figs. 31*12 (a) and 31*12 (c) the transient causing the varia- 
tion diminishes gradually, and after a few cycles the current 
reaches a steady state. These figures illustrate maximum 
transients. The primary current may be anywhere between 
these two extremes, and never is consistent if a magnetic 
or electronic contactor is used to energize the circuit. 

Figures 31 * 12 (a) to 31 * 12 (c) illustrate possible shapes of 
the primary current if the transformer does not saturate. 
Figure 31 * 12 (d) shows the current for a welding transformer 
that does saturate. It is similar to Fig. 31 * 12 (c), except for 
the high peak currents. With such a transformer the peak 


current may rise as high as 8 or 10 times the steady-state 
current. 

These variations have much influence on welding and on 
the power system. Transients cause a large demand on the 



Fig. 31 12 Transients produced by closing the circuit at different 

points. 

power line. This demand causes increased voltage drop in 
the line, and may cause light flicker. For this reason, a 
timer which eliminates starting transients is often used. 

Besides light flicker, excessive transient currents in the 
power transformer, the power line, and the welding trans- 
former may cause excessive heating of all three. 
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Fig. 31-13 Effects of transients for various weld times. 

Figure 31*11 shows that, for consistent welds, both current 
and time must be relatively consistent. If welding time is 
short, the excessive energy caused by transients is sufficient 
to min a weld. Although current transients in the primary 
of the transformer are not directly transformed to the second- 
ary, the excess energy delivered to the weld is roughly pro- 
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portional to the transient. For simplicity only primary- 
current transients are shown in Fig. 31 • 12. Figure 31 • 13 (a) 
show^s the effect of a transient for a weld time of 9 cycles. 
Duration of the transient is approximately 3 cycles. The 
increased current during the 4 cycles at the beginning of the 
weld has little influence on the total heat delivered to the 
weld. However, if the wnlding current is of short duration, as 
in Fig. 31 • 13 (6), the transient is important. Figure 31 • 13 (5) 
show s a transient in a weld of 2 cycles’ duration. The magni- 
tude of the transient is almost equal to the magnitude of the 
steady-state current. Total heat delivered to the weld is 
approximately twice as much as that desired, thereby causing 
expulsion of material from the work and marring of the 
surface. 

3110 EFFECT OF POWER FACTOR ON 
TRANSIENTS 

Loads of different powder factor have steady-state currents 
of different phase relationship, as illustrated by the oscillo- 
grams in Fig. 31 • 14. For a load of 0.80 power factor, the 


the correct points corresponding to the different power factors 
of the machines, if transientless starting is necessary. Figure 
31 • 16 shows the relation between power factor and energiza- 
tion point for transientlcss starting. 
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Fia. 31 • 14 Current and voltage phase relationships for various power- 

factor loads. 


current lags the voltage by approximately 37 degrees. For 
a power factor of 0.60 it lags approximately 53 degrees, and 
for a power factor of 0.20 it lags 78 degrees. To start welding 
currents without transient the welding control must be able 
to start the welding current at a time corresponding to the 
natural current-zero point. This point is different for differ- 
ent power factors. Figure 31 • 15 shows oscillograms of the 
welding currents on machines of different power factors, if 
the machines are energized at the same point with respect 
to the voltage wave. Figure 31 • 15 (a) shows the current in 
a machine having a power factor of 0.50 if the current is 
energized at 60 degrees, which is the natural power-factor 
angle. There is no transient. Figure 31*15 (6) shows the 
current in a machine of 0.20 power factor also energized at 
60 degrees, or in this case ahead of the natural power-factor 
angle. Figure 31 • 15 (c) shows the current in a machine of 
0.80 power factor energized at 60 degrees, or after the natural 
power-factor angle. These figures sbOw that the welding 
control must be adjustable to energize a welding current at 


Fiq. 31 'IS Welding currents on machine.** of different power factor. 
Current is initiaU^d at the same point with respect to the voltage wave. 

31-11 SWITCHING OF WELDING CURRENT 

Welding current can be switched synchronously or asyn- 
chronously. Asynchronous equipment includes either an 
electronic or a magnetic contactor. Synchronous equipment 
includes an electronic contactor in addition to auxiliary con- 
trol circuits. An asynchronous contactor is one in which 
closing of the welding circuit is a random phenomenon; a 
synchronous contactor is one in which welding current is 
initiated at a point on the voltage wav# corresponding to 
the natural power-factor angle of the welding machine. 
Thus, in a synchronous system no transients are present, 
whereas the asynchronous system may produce transients. 



Fio. 31*16 Percent power factor as a function of power-factor angla 

31-12 ASYNCHRONOUS WELDING CONTROL 

A complete asynchronous control system is shown in Fig. 
31*1. It includes: (1) an electronic contactor; (2) a heat- 
control circuit to control the amount of current the contactor 
passes; and (3) a relay-tube type of sequence-weld timer to 
co-ordinate pressure, time, and current functions. 



The Electronic Contactor 
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The electronic contactor is essentially a switch in series 
with the primary of the transformer. The heat control is a 
phase^shifting circuit used to control the length of time during 
each individual half cycle that the electronic contactor is 
effective. The sequence-weld timer controls the solenoid 
valve, which in turn controls the pressure device on the head 
of the welding machine. In addition to determining the 
pressure-time function required in the welding machine, it 
also determines the sciquence and duration of the welding 
current. In general the operation is as follows. The operator 
presses the foot switch, which operates the sequence-weld 
timer. The sequence-weld timer in turn operates the pressure 
mechanism, lowering the welding electrodes on the work. 
After electrode pressure on the work is sufficient the sequence- 
weld timer energizes the electronic contactor, which allows 
current to pass for the length of time determined by the 
timer. After the weld has been made and has cooled suffi- 
ciently under pressure, the sequence-weld timer raises the 
head of the machine. If the initiating circuit is kept ener- 
gized during the welding cycle, the sequence-weld timer re- 
peats the entire sequence after the operator has had sufficient 
time to move his work in the throat of the welding machine. 

31-13 THE ELECTRONIC CONTACTOR 

The electronic contactor is equivalent to a single-pole 
single-throw electronic power switch. It consists of two igni- 
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Fio. 31 • 17 Electronic contactor, ignitor circuit open. 

Irons in inverse-parallel; that is, the anode of one ignitron is 
connected to the cathode of the second tube, and vice versa. 
Alternating current passes through the primary of the weld- 
ing transformer upon closing of the control circuit. Operation 
of the electronic contactor is illustrated by Figs. 31-17 to 
31-19. 

For an ignitron to pass current, (1) the anode of the tube 
must be positive relative to the cathode, and (2) a definite 



Fia. 31 ‘18 Electronic contactor, ignitor current flowing. 


igniter current must be passed (see Chapter 6). Suppose that 
in Fig. 31-17 the anode (lead A) of the ignitron is positive 
relative to the cathode. This tube is now ready to fire if 
sufficient igniter current is passed. However, since the 
igniter circuit is open, no igniter current can be passed but, as 


soon as the contacts between points and F are closed, current 
can travel through the circuit designated by the arrows in 
Fig. 31 - 18. This current is sufficient to fire tube 2. After the 
tube fires, the voltage drop across it is approximately 15 volts 
(see Fig. 31 • 19). This reduction from full line voltage to 15 



Fig. 31 • 19 Electronic contactor, tube 2 conducting. 


volts causes the igniter current to fall to a fraction of its 
previous value. Current in the power circuit is now that 
shown by the arrows in Fig. 31 • 19. Since tube 2 carries cur- 
rent in one direction only, another ignitron must be connected 
in inverse parallel to conduct current in the opposite direc- 
tion. In such a circuit, both halves of the a-c cycle are made 
effective, and an alternating voltage is applied to the welding 
transformer. 

If the contacts between E and F are open, the igniter 
carries no current; hence there is no welding current. How- 
ever, if the contacts are closed, igniter current and hence 
welding current will be carried by the circuit. By simply 
opening and closing the circuits the welding current can be 
controlled. 

The purpose of the rectifier between points F and C is to 
prevent reverse current through the igniter of tube 2 when- 
ever point B is positive relative to A. Reverse current 
through the igniter causes rapid deterioration of the igniter. 
The rectifier between points B and F allows igniter current 



Fig. 31*20 Electronic contactor. 


for tube 1 to pass from R to A without passing through the 
igniter of tube 2. Although the primary purpose of the elec- 
tronic contactor is to switch the welding currents on and off, 
it can also control the amount of current if a ‘‘heat controE' 
is used with it. 
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31. 14 CONTROLLING CURRENT IN THE 
ELECTRONIC CONTACTOR 

The principle of cummt control, or heat control as it is 
often called, is illustrated by Fig. 31*21. Assume that the 
load of two tubes in inverse parallel is inductive and that there 
is an alternating voltage on both the anode and grid circuits 



PHASE POSITION 

Pig. 31*21 Basic current control or heat-control circuit. 

of the thyratrons. Assume also that a voltage which is out 
of phase with the line voltage in varying degree is impressed 
upon the grids of the thyratrons. For a thyratron to conduct, 
the anode voltage must be more positive than that of the 
cathode, and the grid voltage must be more positive than the 
critical grid voltage. (For this discussion the critical grid 
voltage is assumed to be zero.) Figure 31*22 (a) shows that 
in the region A-B the anode voltage is positive, and thereby 
the anode is in condition to conduct current. However, the 
grid voltage in this region is negative, and hence the tube 



(o) 




(c) 

Fig. 31 *22 Oscillograms showing the effect on the current of shifting 
the base of the grid voltage of the current-control circuit in Fig. 31-21. 
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the point corresponding to zero voltage. In other words, the 
current lags the voltage wave, and conduction stops at D, 

If grid voltage is made to lag line voltage still more, the 
initiation point of the thyratron is further delayed, and a 




smaller current, as shown in Fig. 31*22 (6) results. If grid 
voltage is phased still further back, the current carried by 
the thyratron is further reduced, as shown in Fig. 31*22 (c). 
If the phase angle of the grid voltage of the thyratron is con- 
trolled, the current the thyratron can carry during any given 
half cycle can be adjusted. This is the basis for the heat 
control on welding transformers. 

The heat-control circuit is shown in Fig. 31*23. The thyra- 
trons are used to control the instant of stai*ting of the igniter 
current, which in turn controls the starting of tlie ignitron. 
The thyratron can be made to fire at any point on the voltage 
wave; hence it can be made to start the ignitron at that 
point. By controlling the phase relationship on the grid of 



Fig. 31*24 Possible phase variations. Resistor shown in Fig. 31*23 
is set for a minimum shift of 45 degrees. 
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cannot conduct. At point S, the anode voltage is positive, the firing thyratron, the firing point of the ignitron can be 
and the grid voltage is above the critical value; therefore the controlled, and the current in the welding transformer can 
tube can conduct current. At this point the tube conducts be varied. The welding currents are like those shown in Fig. 
or ‘‘fires. '' If the load controlled by the thyratron is resistive, 31-22. 

conduction continues to point C; but if the load is inductive The phase-shifting circuit described in Section 18*6 is 
some energy is stored in the inductance and is released after often used in heat-control circuits but, in addition to the 
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The Aeynchronoue Spot-Welding Timer 


components shown, the secondaries of the transformer are 
connected into the grid circuits of the thyratrons. Since the 
phase position of the transformer primary is adjustable, the 
secondary phase position also varies, and thus the firing 
point of the thyratron is varied. The welding-control phase- 
shifting circuit also contains a variable resistance in series 
with the potentiometer to adjust the minimum phase shift. 



Fig. 31 *25 Possible phase variations. The resistor shown in Fig. 31 *23 
is set for a minimum shift of 76 degrees. 

Figures 31-24 and 31-25 show two possible combinations of 
phase variation for two corresponding adjustments of the 
resistor. In Fig. 31-24 the resistance is set for a minimum 
shift of 45 degrees. At this point welding current is maximum 
on a machine of 0.70 power factor. In Fig. 31-25 the resist- 
ance is set for a minimum phase shift of 78 degrees, at which 
point the current is maximum on a machine with a power- 
factor angle of 78 degrees (0.20 power factor). Itegardless of 
the value of series resistance, maximum phase shift is approx- 
imately 135 degrees, and it is limited by capacitive reactance. 



Fig. 31 -26 Electronic heat control. 


A maximum phase shift of 135 degrees gives approximatdy 
20 percent of the maximum current, regardless of the power 
factor of the machine. 

31-16 THE ASYNCHRONOUS SPOT-WELDING 
TIMER 

In a welding transformer the duration of the current, as 
well as its magnitude, must be controlled. Figure 31-27 


shows a simple type of welding timer. The block labeled ITD 
is a tube-relay circuit which determines the time delay. 
When it is energized the timing mechanism is initiated. 
After a predetermined length of time (as determined by the 
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Fig. 31*27 Simple welding timer. 


electrical components in \TD) a relay in the circuit is ener- 
gized. The relay contacts de-energize related control cir- 
cuits. In the circuit shown in Fig. 31 -27 relay \CR is ener- 
gized by closing the foot switch. The noimally open contacts 
on \CR energize the igniter circuit of the electronic con- 
tactor. When these contacts close, the electronic contactor 
passes welding current. After a given length of time deter- 
mined by iri), the relay in this circuit is energized. Its 



Fig. 31*28 Electronic time-delay relay. 


normally closed contacts, which are in series with the coil of 
ICRy open and de-energize it. De-energization of this relay 
opens the igniter circuit of the electronic contactor, and the 
welding current stops. By adjusting the time-delay circuit 
{\TD)y welding time can be controlled. 

Figure 31-28 is a diagram of the electronic time-delay 
relay. This circuit can be simplified (Figs. 31-29 and 31 -30) 
to show the functions of each of the components. Figure 




Fig. 31*29 Equivalent cir- 
cuit of electronic time-delay 
relay show-n in Fig. 31*28, 
switch open. 


Fig. 31*30 Equivalent circuit 
of electronic time-delay relay 
shown in Fig. 31*28, switch 
closed. 


31-29, which is the equivalent circuit before the switch is 
closed, shows that the grid of the thyratron acts like an 
anode and conducts current in one direction only. Since the 
grid acts as an anode, it conducts only when it is positive 
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relative to the cathode. Every time lead 1 oecomes positive, 
current is carried through the circuit 8ho\vn by the arrows. 
This unidirectional current charges the capacitor as shown 
by the oscillogram in Fig. 31-31. During the first positive 
half cycle after energization of the grid circuit, the capacitor 
receives most of its charge. During the next positive half 
cycle it receives a smaller portion of its charge. At the end 



Fia. 31 • 31 Oscillogram of grid and grid-capacitor voltages of electronic 
time-delay relay, 8\vitch open. 


of the second half cycle, the capacitor has been almost fully 
charged. Although a resistor is connected across the capaci- 
tor, its resistance is so high that leakage current during that 
portion of the cycle in which the grid is not charging is too 
small to be important. The capacitor can be charged to 
various voltages by varying the setting of the potentiometer. 
The closer the slider is to line 1, the larger is the voltage on the 
capacitor. The closer the point to line 2, the smaller the 
voltage on the capacitor. After the capacitor is charged, its 
negatively charged terminal is next to the grid. 

After the capacitor is charged there is no further action 
until the foot switch is closed. Then the circuit is equivalent 
to that shown in Fig. 31-30. An ano<le voltage now is im- 
pressed on the thyratron, and it can fire when the grid be- 
comes positive. However, because of the charge on the capac- 
itor, the grid voltage is negative and the tube cannot fire. 
The length of time required for the charged capacitor to 
dissipate its energy through the resistor in parallel with it 
determines the time delay of the circuit. The sum of the 
unidirectional voltage and the alternating voltage, which 



Fio. 31 -32 Grid and anode voltages of the electronic time-delay relay, 
switch closed. 


is closed. As soon as the foot switch is opened there is no 
longer any anode-cathode voltage on the tube conduction 
stops, and the relay is de-energized. At this time, the 



Fio. 31 *33 Electronic welding timer. 


capacitor again starts to charge. The time delay is the same 
when the foot switch is closed again. 


31-16 THE ASYNCHRONOUS PULSATION 
SPOT-WELDING TIMER 

For welding thick material, it is best to use a series of 
short-current pulses instead of one long-current pulse. The 
tube-relay timing circuit used to time the current impulses 
is shown in Fig. 31-34. The functions of this circuit can be 
divided into two parts, the “heat^^ or on time, and the 
^‘coor' or off time. Figure 31-35 shows the equivalent circuit 
during the heat time after the foot switch has been closed. 

During this time an alternating voltage is impressed upon 
the grid of the tul^e. This voltage makes the grid sufficiently 
positive to energize relay 2TD. This relay^s contacts in the 



Fia. 31-34 Tube-relay pulsation timing circuit. 


is also on the grid, gives the resultant voltage shown in Fig. 
31-32. The grid is always negative within the zero-to-3J^ 
cycle range. On the fourth cycle the grid voltage becomes 
positive. At this point the thyratron can fire and conduct 
current. A short time after it conducts. It energizes the con- 
trol relay, which remains energized as long as the foot switch 


electronic-contactor circuit then energize the igniter circuit, 
and welding current is passed. A second action takes place 
when the tube fires. Since there is an alternating voltage on 
the grid of this tube, capacitor 2 is charged by the rectifying 
action of the grid of the tube. C 2 is charged by the uni- 
directional current. The time required to charge C 2 to a 
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particular voltage depends upon the amount of resistance 
in series with C 2 . The amount of resistance is variable and 
can be controlled at will by adjustment of the resistance in P 2 . 



Fig. 31 • 35 Equivalent circuit tube-relay pulsation timer during *^heat** 

time. 

As the charging of this capacitor proceeds the alternating 
voltage on the grid drops lower and lower through the critical 
grid voltage of the thyratron. The tube then fires later and 
later in the positive half cycle (Fig. 31-37). The tube soon 

passes so little current that it is un- 
able to keep 2TD energized, and the 
relay drops out. The alternating 
voltage on the grid of the tube not 
only lags the anode voltage but is 
also flat-topped; these characteris- 
tics are necessary to provide positive 
relay drop-out. 

After relay 2TD has dropped out 
and welding current has stopped, 
the equivalent circuit is as shown 
in Fig. 31-33. Contacts on 2TD between points 4 and 5 dis- 
connect the alternating voltage from the grid circuit, leaving 
the capacitor voltage as the only voltage in the circuit. 
Since this grid voltage is negative, the tube cannot fire. The 
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length of time required for this capacitor charge to leak off 
through potentiometer 1 depends upon the relative values 
of Pi and C 2 . The smaller the resistance of Pi is, the 
shorter the time; the greater the resistance, the longer the 
time. After C 2 has dissipated most of its energy, the grid 
voltage is sufficiently close to zero to enable the tube to fire 
again. Relay 2TD then energizes and there is another heat- 
ing period. This process of alternate heating and cooling 
periods continues until the circuit is de-energized by other 
timing devices. 

31 17 TIMING THE SEQUENCE OF OPERATION 

Among the other functions in a welding operation that 
must be timed is ‘^squeeze” time, the period between the 
closing of the foot switch and the start of the welding current. 
Squeeze time is necessary so that the electrodes of the welding 
machine can be lowered and build up pressure on the work. 
Another function, “hold^' time, is the period between the 
end of the weld current and the time at which the electrodes 
are raised. It must be timed to allow the weld to cool under 
pressure. A third function, “off*^ time, is the period between 
the raising and lowering of the electrodes. In this period, the 
operator moves his work to a new position. These functions 
are illustrated in Fig. 31 -38. 

31 18 SEQUENCE-WELD TIMER FOR SPOT 
WELDING 

The NEMA type 3-B timer controls the squeeze, weld, 
hold, and off functions. The timing circuits are the same as 
those described in Section 31-16. Figures 31-38 and 31*39 
show the operation. When the foot switch is closed, con- 
tactor ICR is energized. This contactor has normally open 


Sequence-W eld Timer for Spot Welding 



Fig. 31*36 Equivalent 
circuit tube, relay pulsa- 
tion timer, during ‘‘cool" 
time. 



Fig. 31*37 Oscillogram of anode and grid voltages of the circuit shown in Fig. 31*34. 
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contacts which are used to energize a solenoid valve in the 
welding machine. Energization of this valve admits air into 
the upper chamber of a double-acting cylinder of the welding 


As the ^TD relay operates it energizes the hold (5TD) circuit. 
After this time delay is over, relay 5TD is energized. Ener- 
gization of this relay de-energizes ICfl, which de-energizes 
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Fia. 31*38 NEMA t>'pc 3-B timer circuit. 


machine. This lowers the electrode against the work piece 
and builds up pressure on it. At the time the foot switch 
energizes \CRy the scpiceze-time {ITD) circuit is energized. 



TO ELECTRONIC CONTACTOR 
INITIATING CIRCUIT. 

Fig. 31 -39 Sequence of operation, NEMA type 8-3 timer. 



Fia. 31*41 Synchronous wvlding-control system. 


the solenoid v^alve and raises the head of the welding ma- 
chine. At the same time the squeeze and weld time circuits 
are de-energized and circuit &TD is energized. After the 
QTD time delay, the off-time relay is energized momentarily; 
thereby the hold-time circuit is tripped out, the \CR is 
allowed to be energized, and thus the entire process is re- 
peated. This cycle is continued as long as the operator holds 
the foot switch down. If the operator releases the foot switch 
while the timer is in the middle of its sequence, the timer 
nevertheless is through its sequence until the end of 5TZ> 
because of the lock-in provided by the \CR contacts across 
the foot switch. 


After this period has been timecl, the relay in the squeeze- 
time delay circuit is energized. Its contacts between points 5 
and 8 energize the weld-time circuit {ATD), After this period 



Fig. 31 *40 Automatic sequence-weld timer. 


has been timed, the relay in the weld-time circuit is energized. 
Its back contacts between points 5 and 6 de-energize the ITD 
circuit. De-energization of \TD stops the welding current. 


31-19 SYNCHRONOUS-PRECISION WELDING 
CONTROL 

The synchronous welding control system is illustrated in 
Fig, 31*41. Its purpose is the same as that of the asynchro- 

SYNCHRONOUS PRECISK3N TIMERS 

NO TRANSIENTS 


START OF NEW WELD IS 
OF OPPOSITE POLARITY 
OF LAST WELD. 

EACH WELD IS OF SAME 
DURATION 

Fig. 31*42 Comparison of synchronous and asynchronous control 

features. 

nous system described in Section 31 * 12, but it is necessarily 
more complicated. The distinctive features of a synchronous- 
precision control (see Fig. 31*42) in contrast to an asynchro- 
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nous control are: (1) the welding contains no transients; 
(2) the start of a weld is of opposite polarity to the preceding 
weld to prevent the welding transformer from saturating as 
it would if two half cycles of current of the same polarity 
were passed; and (3) the weld time is precise. 


31-20 ELECTRONIC CONTACTOR; FIRING MEANS 
FOR SYNCHRONOUS CONTROL 

. The electronic contactor and firing-tube circuit for syn- 
chronous control systems arc shown in Fig. 31*43. The elec- 
tronic contactor passes welding current as in the asynchro- 
nous system. The firing tubes control welding current and 



Fig. 31-43 Klectronic coiitactdi- circuit fur syn<*hronoua control 

systems. 


turn the ignitrons on and off. The grid of each firing tube is 
controlled by three voltages: (1) a bias supply to keep the 
tubes normally de-energized; (2) a heat-control voltage to 
determine the instant in the one half cycle at which the tubes 
fire; and (3) a voltage from the coupling circuit to turn the 
firing tubes on and off. Figure 31*44 illustrates the various 





Fia. 31*44 Voltages in the electronic contactor circuit of Fig. 31*43. 


Voltage from the coupling circuit is an alternating voltage 
which appears when the electronic contactor is to be de- 
energized. When the contactor is to be energized, the coup- 
ling-circuit voltage is removed. Normally the firing tubes 
do not conduct because the sum of the alternating and uni- 
directional voltages prevent the grid from becoming positive 
when the anode is positive. If the coupling-circuit voltage 
is removed, the grid becomes positive, because the peaking 
voltage is greater than the bias, thus causing the thyratron 
to fire at a point corresponding to the phase position of the 
peak. This in turn fires the ignitrons, which pass welding 
current. 

31-21 HEAT CONTROL FOR THE SYNCHRONOUS 
SYSTEM 

The heat-control circuit (Fig. 31*45) is similar to the heat 
control described in Section 31*14. The phase-shifting cir- 



Fia. 31*45 Tleat-control circuit for the synchronous control systems. 

cuit is the same, except for the peaking transformer and the 
tuning circuit. The peaking transformer is of a special type, 
the secondary of which produces a peak when the primary 
alternating voltage is approximately at its maximum. The 
desired phase shift is from 30 to 135 degrees with respect to 
the line voltage. The phase-shifting circuit consisting of 
Riy Ply Cl gives this amount of shift. However, the peaking 
transformer delivers peaks of voltage; therefore, when com- 
bined with the phase-shift circuit, the peaks actually shift 
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Fio. 31 *46 Voltages in the hcat-control circuit of Fig. 31 *45. 


voltages. The peaked voltage controls the welding current 
because it can be shifted in phase position. K it is phased 
forward, current is high; if it is phased back, current is low. 


from 120 to 225 degrees with respect to the line voltage. The 
tuning circuit in series with the peaking transformer phases 
the peaks so that they correspond with the deored range 
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from 30 to 135 degrees. Figure 31-47 illustrates the shape 
of a welding current controlled by the heat-control peaks. 





Fia. 31 -47 Welding current controlled by heat-control peaks. 


grid, it fires; Fig. 31-51 (a). A voltage then is developed 
across the load resistor which is large enough to overcome 
the negative unidirectional bias on tube 2. Making the grid 
of tube 2 positive causes it to fire during the next half cycle. 



31-22 COUPLING CIRCUIT FOR THE 
SYNCHRONOUS SYSTEM 

The coupling circuit is shown in Fig. 31*48. Figure 31*49 
is the equivalent circuit with tubes 1 and 2 replaced by a 
switch, since two tubes in inverse parallel act like a single- 
pole a-c switch. Figure 31*49 shows that when the switch 
is open there is a voltage on the primary of the coupling 




Fia. 31*48 Coupling circuit for syn- Fio. 31-49 Equivalent 
chronous control ^sterns. circuit for the coupling 

circuit of Fig. 31-48. 

transformer. When the switch is closed, a voltage divider is 
placed across the transformer winding. Because the resistors 
in the voltage divider are equal, there is no voltage from the 
center tap of the power transformer to the common terminal 
of the resistors, and the voltage on the primary of the coupling 



Fig. 31-50 Transformer voltage of coupling circuit of Fig. 31*48. 

transformer is removed. The output voltage is the voltage 
on the grids of the firing tubes, as descried in Section 31 *20. 
When tube 1 in Fig. 31-48 (called the lead tube) is made 
conductive by having a positive voltage impressed on its 


This is known as a follow action. Whenever the lead tube 
fires, tube 2 also fires or follows tube 1. In this way only 
full cycles of voltage are passed by the coupling current, and 
in turn only full cycles of welding current can pass. This is 
one of the requirements of a synchronous-precision weld 
timer. 

31-23 SYNCHRONOUS-PRECISION SPOT TIMER 

The synchronous-precision spot timer is shown in Fig. 
31 * 52. The simplest equivalent circuit is shown in Fig. 31*53, 
in which each tube has been replaced by a switch. Before the 
beginning of the weld neither tube is energized, and no voltage 
appears across the resistor connected to the coupling circuit. 
When the timing circuit is energized, no voltage appears 
across the resistor connected to the coupling circuit. When 
the timing circuit is energized, tube 1 fires. This is equivalent 


INITIATING 



Fig. 31 • 52 Synchronous-precision spot-timer cricuit. 


to closing switch 1, and it causes voltage to appear across the 
resistor connected to the coupling circuit. This voltage 
causes the lead tube of the coupling circuit to fire, which in 
turn energizes the firing circuit. As tube 2 is fired, it short- 



Chapter 31 

circuits the resistor in the coupling-circuit grid, and the volt- 
age disappears. The coupling circuit then ceases firing and 
the weld stops. 

The oscillograms in Fig. 31-55 show the action of the 
spot-weld timer. Before the weld starts tube 1 is held non- 
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Fia. 31*53 Simplified equivalent circuit of synchronous precision 
spot-timer circuit of Fig. 31*52. 

conductive because of a phase-shifted grid voltage. This 
voltage is of such phase position that it is always negative 
when the anode is positive, so the tube cannot fire. When the 
circuit is energized, the contact in the grid circuit changes 
the phase position of the grid voltage on tube 1, causing it 



Fia. 31*54 Circuit of tube 1 of synchronous-precision spot- timer circuit 
of Fig. 31*52. 

to fire within the first few degrees after the anode becomes 
positive. At this point tube 1 fires, energizes the coupling 
circuit, and causes another action shown in Fig. 31 * 54. Since 
tube 1 acts as a rectifier, it charges the capacitor in scries 
with the potentiometer in its cathode circuit. The charging 



Fiq. 31*55 Spot-weld-timer oscillogram. 

can be seen in the oscillogram in Fig. 31*55 (6). Capacitor 
voltage overcomes the negative bias in the grid of tube 
2; the shield-grid and anode voltages are positive, and 
tube 2 fires and stops the welding current. For tube 2 
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to fire, both its shield grid and its control grid must be positive 
when the anode is positive. The control grid is made posi- 
tive by the timing capacitor. The shield-grid voltage is 
made positive by a phase-shifted alternating voltage, phased 
so that it becomes positive only during the first few degrees 
when the anode is positive. In this way only full half-cycle 
waves of voltage are impressed upon the grid of the lead 
coupling tubes. 

The circuit is timed by varying resistance in the poten- 
tiometer in the cathode circuit of tube 1. The higher the 



Fia. 31*56 Welding control unit. 


resistance in series with the capacitor is, the longer the time 
required to charge the capacitor sufficiently to overcome the 
bias on the grid of tube 2. The smaller the resistor is, the 
shorter the time. 

Proper choice of circuit components and the assurance that 
tubes 1 and 2 fire at a definite time in each individual half 
cycle make this timer a precise timer as well as a synchronous 
timer. 

31-24 SYNCHRONOUS HEAT-COOL CIRCUIT 

Figure 31-57 is a diagram of the synchronous heat-cool 
circuit. As tube 1 fires, it energizes the coupling circuit in 
the same manner as the starting tube in the spot timer. As 
it fires, there is a ‘ffieat^' period. When it does not fire, there 
is a ‘‘coor^ period. 

When the circuit is energized, the charge on capacitor 1 
overcomes bias 1 and causes tube 1 to fire. (The equivalent 
circuit then is as shown in Fig. 31*58.) When tube 1 fires, 


Synchronous HeairCool Circuit 
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a voltage developed across Ri energizes the coupling circuit. 
At the same time, capacitor C 2 starts to charge through the 
timing potentiometer. This process continues until the 
voltage on capacitor C2 is sufficient to overcome bias 2. Tube 



3 then fires. (The equivalent circuit is sliown in Fig. 31*59.) 
When tube 3 fires it discharges capacitor €% and stops tube 1 ; 
then the weld is stopped. Voltage across R 2 then is sufficient 
to overcome bias 3. Tube 4 fires and discharges C2. Ci 



Fiq. 31*58 Equivalent synchronous heat-cool circuit, tube 1 con- 
ducting. 

again starts to charge through the copper oxide rectifier and 
potentiometer 2 (the ‘‘cooF' time potentiometer). After 
this capacitor again has received enough charge to overcome 
bias 1, tube 1 fires again and energizes the coupling circuit. 



Fiq. 31-59 Equivalent synchronous heat-cool circuit, tube 3 con- 
ducting. 


the zero voltage. Oscillograms of the operation are shown 
in Fig. 31*60. 



tLTAGE ACROSS Rt 


31*60 Synchronous heat-cool-unit oscillogram. 

31-26 SYNCHRONOUS PULSATION-COUNTING 
CIRCUIT 

For pulsation welding, it is necessary to have a circuit to 
determine the total weld time either by measuring the total 
time interval or by counting individual pulsations. The cir- 
cuit shown in Fig. 31*61 counts the number of pulsations 
produced in the heat-cool circuit and opens the circuit auto- 
matically after the last heat period. It takes its energization 
from the transformer shown by the dotted lines of Fig. 31 * 57. 
The outout of this transformer (shown by the oscillogram of 
Fig. 31*62) is an impulse which appears on the grid of tube 
5 of Fig. 31*61. It is of sufficient magnitude to overcome the 
bias on tube 5 and cause this tube to fire each half cycle as 
the grid becomes positive. Making the grid positive allows 
tube 5 to conduct, which charges C3 through the pulsation- 
counting potentiometer P3. After C3 has received sufficient 
charge to overcome bias 4, tube 6 fires. Since bias on tube 6 

VOLTAGE FROM 



Fiq. 31*61 S 3 mchronous pulsation counting circuit. 


This process is repeated imtil the circuit is turned off elec- 
tronically, or until the initiating contactor is closed again. 

To make the on and the off time s^chronous, peaking 
transformers are adjusted so that they energize the tube at 


remains positive, this tube operates every positive half cycle 
after that. The load of tube 6 is a transformer having a 
copper oxide rectifier in its secondary. Therefore, whenever 
tube 6 conducts, it produces a negative unidirectional bias 
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which is in series with the grid of tube 1. The negative bias 
stops tube 1, which stops the weld. 

Pa can be adjusted to count from 1 to 15 pulsations regard- 
less of the length of the heat or cool time. Oscillograms of 
the voltages and currents in the pulsation-counting circuit 
are shown in Fig. 31*62. 




OUTPUT OF PULSATION ORCUIT 
Fig. 31*62 Synchronous pulsation-counter oscillogram. 


31-26 SEQUENCE TIMER FOR PULSATION SPOT 
TIMER 

The pulsation spot timer can be used with sequence timer 
similar to that described in Section 31 • 18. The sequence 
timer co-ordinates electrode motion of the welding machine 
with the pulsation timer. When the operator wishes to make 
a weld, he presses the foot switch to lower the head of the 
welding machine. After a time interval (squeeze time) pre- 
determined by the sequence timer, the pulsation spot timer 
operates. The pulsation timer determines the duration of 
both the heat and the cool periods in addition to counting 
out the total number of pulsations. After the total numlier 
of pulsations has been counted, operation again is transferred 


described in Section 31*15. When the operator's foot switch 
is closed, relay ICR is energized, and in turn the solenoid 
valve is energized. This lowers the head of the welding 
machine. After a time determined by the ITD circuit, relay 
ITD is energized. Its external contacts energize the pulsa- 
tion spot timer. The heat-cool circuit of the pulsation spot 
timer goes through its sequence and counts the total number 
of pulsations. After the pulsation-counting tube has ope- 
rated, it energizes the hold {bTD) circuit. After a period 
predetermined by the bTD potentiometer, the relay on bTD 
de-energizes \CR and the solenoid valve, and also energizes 
the {bTD) circuit. The head of the welding machine 
rises while the operator moves his work. After bTD has 





Fio. 31 *64 Sequence of operations for pulsation spot timer. 


completed its timing function it releases the hold (bTD) cir- 
cuit, and the entire sequence is repeated. Operation of the 
relays and of the head of the welding machine is shown in 
Fig. 31*70. 



Fig. 31*63 Sequence timer circuit for pulsation spot timer. 


to the sequence timer, which times the ^‘hold” interval, the 
interval during which the weld is allowed to cool. After 
this timing function is over, the head of the welding machine 
again is raised, and the operator is allowed to move his work 
before the entire sequence is repeated. Operation of the 
sequence timer is illustrated in Fig. 31*64. The time-delay 
circuits shown as ITD, bTD, and bTD are the same as those 


31-27 ELECTRONIC SEAM TIMER 

In making a seam weld, it is generally necessary to have 
interrupted spot welds, that is, alternate heat and cool 
periods. On a seam welder it is necessaiy only to lower the 
head of the welding macliine on the work and to turn the 
welding current on and off accurately. The welding currents 
are of such high magnitude and the heat and cool periods are 
so short that a precision timer must be used. The control 
can be either totally electronic or semi-electronic. The elec- 
tronic seam timer is the same as that used in the heat-cool 
circuit in the pulsation spot timer described in Section 31*25. 

31-28 SEMI-ELECTRONIC SEAM TIMER 

The semi-electronic seam timer is similar to the electronic 
seam timer. This timer not only uses the firing tube and 
coupling control circuit, but also has an electromechanical 
device as the source of the timing voltage. This device con- 
sists of a synchronous motor driving a disk with accurately 
spaced holes near the periphery. Pins placed in these holes 
pass through an air gap in the permanent magnet as the disk 




618 


Resistance-Welding Control 


Chapter 31 


rotates. These pins change the reluctance of the magnetic 
circuit, and consequently the magnetic flux in the gap of the 
magnet is changed. This (change of flux induces a voltage 
in a pick-up coil wound around the permanent magnet. The 
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Fig. 31 *65 Semi-electronic seam- timer oscillogram. 


voltage is connected into the grid circuit of the coupling 
control lead tube. An oscillogram of it is shown in Fig. 
31*65. At the beginning of every half cycle, the grid of the 
lead tube is made positive by the induced voltage on the 
pick-up coil. For every desired cycle of welding current, 
one pin is inserted. For every cool time, a pin is left out. 
Figure 31*66 shows the details of this type of timer. 



Fig. 31*66 Rotating disk and magnetic pick-up of semi-electronic 
seam timer. 


31-29 ENERGY-STORAGE SYSTEMS; WELDING 
ALUMINUM 

Energy-storage welding is resistance welding in which a 
device is used to store at low rate the energy to produce the 
welding current. Either mechanical or electrical devices 
may be used for energy storage. MecHanical devices, sudh 
as a flywheel on a motor generator, have not been widely 


used. Energy-storage welding in general is based on the use 
of a capacitor, a reactor, or a battery as the device in which 
energy is stored. The capacitor and reactor systems will be 
considered in detail. 

Energy-storage systems have been developed in answer 
to problems in welding aluminum and magnesium. These 
two metals have high electrical conductivity, high thermal 
conductivity, rapid transition from solids to liquids as the 
melting temperature is reached, and affinity for copper at 
slightly elevated temperatures which results in rapid fouling 
of the welding electrodes. To obtain uniform welds with 
consistent strength it is necessary to provide large welding 
current for a short time. In general the magnitude of the 
current should be two to three times that required to weld 
the same thicknesses of low-carbon steel. The large current 
is needed to compensate for high electrical conductivity. 
These high currents would cause an excessive kva demand on 
the power supply with single-phase a-c systems, and in many 
applications would exceed the power capacity of the supply 
line. The short weld time is necessary to avoid excessive 
deformation of material near the weld zone. It also reduces 
the rate at which these metals alloy with the copper-alloy 
electrodes, because the maximum temperature at the welding 
electrodes can be reduced. 

Energy-storage systems provide a means to obtain a large 
welding current with only a moderate demand on the power 
supply. Power-system loading can be further reduced by 
the use of multiphase rectifiers to provide d-c power. The 
weld zone can be heated quickly because the discharge cur- 
rent consists of a large initial peak which produces fusion. 
Timing circuits for the weld time are not required because 
the wave shape and magnitude of the welding current depend 
upon the amount of stored energy and the values of induct- 
ance and resistance in the welding transformer and welding 
machine. Magnitude of the welding current can be controlled 
closely, and can be made consistent in quality. 

The higher weld currents require a corresponding increase 
in electrode pressure; therefore construction of the main 
frame and secondary throat is heavier than on standard 
machines. In addition, successful welding of aluminum re- 
quires that skidding of the electrodes be minimized; conse- 
quently extra mechanical rigidity must be provided. 

Rapid softening of the metal results in rapid expansion 
and contraction of material in the weld zone. Therefore the 
pressure system to supply electrode force must have minimum 
inertia to provide quick follow-up pressure at the end of the 
weld. A typical solution is to use a spring or air bellows be- 
tween the pressure piston and the welding electrode to cause 
the electrode to follow deformation of the material during the 
weld. 

Pressure switches of a special type that can be operated 
from the bellows, spring, or other indicating devices are used 
to initiate the weld only after correct initial electrode force 
has been obtained. If this phase of the technique is neglected 
and follow-up pressure is not applied, cracks and porosity in 
the completed weld zone may lead to early failure of the weld 
through fatigue. Circuits and valves have been devised to 
apply electrode pressure much larger than welding pressure 
near the end of the weld. This is known as forging or double 
pressure. 
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From a metallurgical standpoint it is feasible to weld 
stainless steels, low-carbon steels, and the more weldable 
brasses in the thinner gauges with either the electromagnetic 
or the electrostatic system. 

31-30 THE ELEMENTARY CAPACITOR-DISCHARGE 
CIRCUIT 

The basic principle of the capacitor-discharge system can 
be best understood by considering the simplified circuit 
shown in Fig. 31-67. 



Fia. 31-67 Simplified capacitor-discharge circuit. 


There are two fundamental steps in a complete weld. 
First, electrical energy is stored in capacitor C. Therefore, 
when the switch is closed to position 1, the capacitor (initially 
uncharged) is connected to the source of d-c power, which in 
this case is battery B, Current through resistor R and 
capacitor C decreases exponentially as energy is stored in the 
capacitor. Capacitor voltage Cc increases exponentially until 
it is equal to Esy at which point maximum charge has been 
stored. 

In step t\^, the weld is made when the switch is closed to 
position 2. The charged capacitor is then discharged into 
the primary winding of welding transformer T, The resultant 
discharge currents in both the primary and secondary circuits 
of the transformer depend upon the capacitance, the (charge 
voltage of the capacitor bank, and the electrical characteris- 
tics of both the transformer and the secondary throat. The 
equivalent circuit is shown in Fig, 31-68. As in a-c resistance- 



Fig. 31*68 Equivalent capacitor-discharge circuit. 


welding machines, both inductance Ls and resistance Rg are 
present in the heavy secondary circuit wliich carries current 
to the electrodes from the transformer secondary. Resist- 
ance Ry, in the work material is insignificant for aluminum 
but is larger than i2« for steel of any kind. These parameters 
are then reflected to the primary circuit, as the square of the 
transformer turns ratio, and along with capacitance C, deter- 
mine whether the discharge current is oscillatory or non-oscil- 
latory . In combination with the initial charge voltage Ec they 
also determine the magnitude of the currents in both circuits. 
Primary leakage reactance Lp of the welding transformer and 
primary resistance Rp usually are small, and have little 
influence on the discharge current. In general the circuit is 


designed to produce a damped oscillatory current upon dis- 
charge of the capacitor. With the weld completed, the cycle 
then can be repeated. 

Figure 31-69 shows a block diagram of a complete capaci- 
tor-discharge system. The system consists of : 

1. A capacitor bank in which the welding energy is stored. 

2. A rectifier for converting a-c to d-c power for charging 
the capacitor. 

3. A charge-control circuit for controlling the rectifier so 
that the capacitor voltage can be accurately regulated, and 
a “blocking’^ circuit which also works through the charge- 
control circuit to prevent the rectifier from conducting while 
the capacitor is being discharged. 



Fiq. 31-69 Block diagram, capacitor-discharge system. 

4. A discharge system to convert energy stored in the 
capacitor into welding current. 

5. A flux-reset circuit to restore the flux of the welding 
transformer to the same value after each weld. 

6. A sequencing system to co-ordinate the operation of 
control circuits with the mechanical operation of the welding 
machine. 

31-31 RECTIFIER 

The purpose of the rectifier is to provide d-c power to 
charge the capacitor bank in which the welding energy is 
stored. 

Current in a capacitor being charged from a d-c source 
depends upon the applied voltage, the impedance in series 
with the capacitor, and the counter electromotive force of 
the capacitor. If capacitor voltage is zero, initial current is 
limited only by the applied voltage and the series impedance. 
If applied voltage is high and series impedance is low, initial 
current is high. Since the rectifier is the d-c source, a large 
initial current would result in a large kva demand from the 
power system. Therefore, the capacitor current at the start 
of charge must be limited if the demand on the power system 
is to be reasonable. 

Capacitor current can be limited by resistance in scries 
with the capacitor or by voltage regulation in the rectifier 
(for example, by building leakage reactance into the recti- 
fier transformer). In most commercial systems the large 
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power losses in a series resistor prohibit its use. Hence, cur- 
rent usually is limited by means of leakage reactance. 

Under ideal conditions, capacitor current at the start of 
the charge is equal to the steady-state short-circuit current of 



Fig. 31 -70 Rectifier circuit, capacitor-discharge 


the rectifier, in both average and peak values. However, 
when the rectifier circuit contains reactance, the rectifier 
tubes must be fired at the proper point in the cycle or an 
abnormally high transient current may be produced. 


where Cc = capacitor voltage 
E =* d-c applied voltage 
t = time in seconds 
R = 

Itc = rectifier short-circuit current. 

Rearranging and solving for the short-circuit current, 


EC 

1 90 = — log. 


1 



(31.3) 


In this derivation the applied unidirectional voltage is 
assumed to contain no ripple component. As long as the 
rectifier ripple voltage is small, the error from this assumption 
is negligible. Reactance limiting is assumed to be equivalent 
to resistance limiting where the eciuivalent limiting resistance 
is /? = £//«c* Laboratory tests show this assumption to be 
satisfactory for a three-phase full-wave recitifier charging a 
capacitor bank to one half (or less) of the no-load unidirec- 
tional voltage of the rectifier. 

A three-phase full-wave rectifier, with a no-load uni- 
directional output voltage of approximately 6000, is used to 
charge the capacitor bank. The rectifier must charge 2640 
microfarads to 2800 volts in % second. The calculated short- 
circuit current from equation 31 *3 is 13 amperes, which agrees 
approximately with the values measured at the rectifier. 


NO LOAD VOLTAGE 




NO LOAD VOLTAGE 


MAXIMUM STEADY 

state short 

IT CURRENT 



0*C6RI0 

VOLTAGE 


(C) 


^^RITICAL GRID 
CHARACTERISTIC 



Fig. 31*71 Oscillograms showing the effect of changing grid bias on tubes 4, 5, and 6 of the rectifier in Fig. 31 *70. 


The steady-state short-circuit current for which the recti- 
fier is designed is determined by: 

1. Maximum capacitance to be charged. 

2. Maximum voltage to which the capacitors are to be 
charged. 

3. No-load output voltage of the rectifier. 

4. Time available for charging maximum capacitance to 
maximum voltage. 

The relation between these factors is given by the equation 
Cc = E{\ - 6-"'/''^) (31-2) 


The diagram of the rectifier is given in Fig. 31*70. Tubes 
4, 5, and 6 are grid-controlled thyratrons; tubes 1, 2, and 3 
are used as phanotrons. Load current can be controlled by 
this circuit, because all of it must pass through the controlled 
tubes. Grid voltage on the controlled tubes consists of a 
fixed alternating voltage and a variable unidirectional volt- 
age. The fixed alternating voltage is supplied by the second- 
aries of transformers with their primaries connected to the 
low-voltage winding of the rectifier transformer. The phase 
position of this alternating voltage is 120 degrees lagging the 
voltage of the rectifier transformer phase connected to the 
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tubers anode. The variable unidirectional voltage is supplied 
by the charge-control system which is described in Section 
31 •32. By varying the magnitude of the unidirectional volt- 
age, the rectifier current is controlled from maximum to 
minimum. 

Figure 31 *71 (a) shows the positive no-load voltage be- 
tween anode and cathode of tubes 4, 5, and 6. Because of 
the large leakage reactance in the rectifier transformer, the 
voltage across each tube with the rectifier loaded is far differ- 
ent from that shown. However, no-load voltages are helpful 
in determining where a tube begins to conduct and where it 
stops conducting. 

If grid voltage is made more positive than the critical 
value near point A in Fig. 31-71 (6), the rectifier conducts 
minimum current as shown. Current continues after the 
no-load voltage is zero, because of the leakage reactance in 
the transformer. The rectifier produces maximum steady- 
state short-(nrcuit current when the voltages on the grids of 
the controlled tubes l^ecome more positive than the critical 
values at point B in Fig. 31-71 (c). However, the initiation 
point must be advanced as the counter electromotive force 
of the capacitor increases, so that maximum charging current 
can be maintained. This is accomplished by making the 
variable grid voltage more positive than that shown in Fig. 
31-71 (c) in about 30 milliseconds after the start of charge. 
Each tube in the re(;tifier then fires as soon as its anode volt- 
age exceeds its cathode voltage by the amount of its break- 
down voltage, and the initiation point of the rectifier tubes 
automatically advances as the capacitor bank is charged. 
If the rectifier tubes are initiated before point B for the first 
several cycles after the capacitor starts to charge, the rectifier 
current contains a transient which may be as much as double 
the peak value of the steady-state short-circuit current. This 
transient may exceed the peak (current rating of the rectifier 
tubes and may even cause an arobac^k or loss of control in 
the rectifier. Transients (!an be avoided if the rectifier tubes 
are initiated later than point B at the start of charge and 
then gradually phased forward. 

31-32 CHARGE-CONTROL CIRCmT 

The charge-control circuit regulates the voltage to which 
the capacitor bank charges, maintains the capacitor bank at 
that voltage until a welding discharge is desired, and blocks 
the rectifier during the discharge period. A diagram of such 
a circuit is shown in Fig. 31-72. 

It is a special two-stage direct-coupled amplifier consisting 
of the amplifier tubes, their power supplies, and a voltage 
supply which serves as a reference in regulating the voltage 
of the capacitor bank. 

The input to the charge control is a part of the voltage 
across resistor R 27 . This voltage is proportional to that across 
the capacitor bank. The output of the charge-control circuit 
is the variable unidirectional voltage appearing between 1 
and 43, and is applied to the grids of the controlled rectifier 
tubes as described in Section 31-31. This voltage varies 
from a positive value, equal to the peak of the alternating grid 
voltage on the rectifier, a negative value of approximately 
three times as much, as shown by Fig. 31*73. This figure is 
helpful in understanding the operation of the charge-control 


circuit. If it is assumed that the charge on the capacitor 
bank is zero, the grid of tube 10 is positive by the amount 
of the regulated reference voltage across potentiometer 6. 
The reference voltage selec;ted by the potentiometer deter- 
mines the voltage to which the capacitor bank charges. Since 



the grid of tube 10 is positive, corresponding to point A, the 
tube conducts maximum anode current and produces suffi- 
cient voltage acioss its plate-load resistor to reduce the cur- 
rent through tube 9 almost to cut-off. Th\is the voltage 
across resistor 4 is negligible. Output voltage of the charge 
control is the algebraic sum of the output voltage across 
resistor 4 and the voltage between points 51 and 1 on resistor 
7. Therefore, lead 43 is positive with respect to lead 1. This 
positive voltage on the grids of the controlled rectifier tubes 



Fig. 31-73 Charge-control-circuit characteristics. 


causes the rectifier to pass maximum current, thus charging 
the capacitor bank. 

As the capacitor bank becomes charged, the voltage on 
the grid of tube 10 decreases. However, the output voltage 
of the charge control remains unchanged until the grid voltage 
of tube 10 reaches point B, Then a small decrease in the grid 
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voltage of tube 10 causes the output voltage to swing nega- 
tive to a value in region C. This decreases the rectifier cur- 
rent to a small value which is just enough to supply the 
bleeder current and the leakage of the capacitor bank. If 
this current is insufficient to maintain the capacitor voltage, 
the charge control causes the rectifier to increase its output 
until the capacitor voltage is maintained at the proper value. 
In this manner, capacitor voltage is regulated Avithin 2 per- 
cent of the desired value until the capacitors arc discharged 
to produce a weld. Voltage of the capacitor bank can be 
adjustcKl to any value between 1500 and 2800 by means of 
potentiometer Pq. 

When the weld is made, the blocking circuit (described 
later in Section 31-33) decreases the grid voltage of tube 10 
to point D in Fig. 31-73. D-c grid voltage of the rectifier 
tulles is now highly negative, as showm in Fig. 31-71 (d), and 
the rectifier is prevented from conducting current. 

The grid voltage of tube 10 remains at point D until the 
discharge is completed; then the blocking voltage becomes 
zero, and grid voltage returns to point A. Output voltage 
of the charge control does not immediately become posi- 
tive, however, because capacitor Cq shunts resistor 
The discharge time constant of this resistor-capacitor com- 
bination is selected so that the output voltage of the charge 
control does not reach its full positive value for 30 milli- 
seconds after the grid voltage of tube 10 returns to point A, 
When the output of the charge control reaches point C the 
rectifier begins to conduct. As this voltage becomes more 
positive, rectifier current gradually increases until it becomes 
maximum when the charge-control output voltage reaches 
point B, In tliis manner a transient in the charging cuiTcnt 
at the start of charge is avoided. 

Not only must the charge control regulate the voltage of 
the capacitor bank at any desired value between 1500 and 
2800 volts, but also it must bring the voltage to this value 
in the shortest possible time without undershooting or over- 
shooting. Undershooting is caused by the charge control 
reducing the rectifier current before the desired voltage is 
reached. Reducing the rectifier current causes capacitor 
voltage to climb slowly to the correct value. Overshooting 
is caused by failure of the charge control to reduce the rectifier 
current soon enough, and the last half cycle of current con- 
ducted by the rectifier causes the capacitor voltage to become 
too great. 

By properly selecting load resistances of tubes 9 and 10, 
the size of capacitor C®, and the magnitude of the reference 
voltage, both overshooting and undershooting can be limited 
to less than 2 percent of the voltage to which the capacitor 
is being charged even at 200 operations per minute. Thus 
the charge control is capable of accurately controlling the 
voltage of the capacitor bank and the energy available for 
performing the weld. 

31-33 BLOCKING CIRCniT 

The blocking circuit prevents the rectifier from passing 
current while the capacitor bank is discharging. If rectifier 
current is permitted during this time, tube 1 in Fig. 31-69 
continues to conduct rectifier current through the primary 


of the welding transformer after the discharge is over. This 
prevents the capacitor bank from being recharged because 
it short circuits the capacitor. 

A diagram of the blocking circuit is shown in Fig. 31-74. 
The blocking indication is the voltage across resistor R^o 
(also see Fig. 31-69) when the capacitor bank is discharging. 
This voltage is applied to the low-voltage winding of trans- 
former Tgy which is designed for operation at a frequency of 
1 cycle per second, so that it can transform the low-frequency 
voltages appearing across resistor 30 when certain combina- 
tions of capacitance and inductance are used in the discharge 
circuit. The high-voltage \vinding of transformer 8 is con- 
nected to the a-c terminals of a full-wave copper oxide recti- 
fier, which rectifies the blocking signal. The voltage output 



of the rectifier is impressed across neon tube 11, which limits 
the voltage applied to the grid of tube 12. The grid of this 
tube is normally biased just beyond cut-off. During the 
welding discharge the grid is driven positive, and the tube 
is made to conduct maximum current and thus produce 
maximum voltage across resistor Rg. This voltage is applied 
to the grid circuit of tube 10 in the charge-control circuit, 
making its grid negative and causing a highly negative direct 
voltage on the grids of the controlled rectifier tube and thus 
blocking the rectifier. 

Blocking continues until the discharge current falls to 
about 2 amperes and the ignitron ceases to conduct. Since 
capacitor Cg causes some delay in the charge-control circuit, 
the ignitron stops conducting before the rectifier can start 
again. Hence the blocking circuit accomplishes its purpose 
and allows the rectifier to begin charging the capacitor bank 
at the earliest possible moment after the discharge is over. 


31-34 DISCHARGE CIRCUIT 

Several different discharge circuits are used in capacitor- 
discharge controls. One is the full-cycle system. Another 
is the unidirectional or shunt-tube system. 

The unidirectional system was the one originally used in 
all commercial capacitor-discharge systems. The full-cycle 
system is an improved system for high-speed operation. 
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Full-Cycle Discharge System 

The full-cycle discharge circuit shown in Fig. 31*75 in 
heavy lines contains: 

1. The capacitor bank. 

2. The welding transformer and its secondary load circuit. 

3. Two ignitrons and their associated thyratron firing 
tubes. 

4. A flux-resetting rectifier. 



Fio. 31*75 Full-cyclc discharge circuit. 

The welder discharge circuit can be approximately repre- 
sented by an equivalent inductance, resistance, and capaci- 
tance in series with a switch. This ecpiivalent circuit is oscil- 
latory for the usual values of resistance, inductance, and 
capacitance of a machine used for welding a wide range of 
thicknesses of aluminum. 

In the full-cycle system tubes 1 and 2 are in inverse par- 
allel. With proper control of the firing tubes, they permit 
a single positive and a single negative half cycle of current 
during discharge. 

In the operation of the full-cycle discharge circuit the 
secondary of the welding transformer is closed and the flux- 
resetting rectifier is turned off by ACR contacts just before 
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Fio. 31*76 Discharge currents and voltages for circuit of Fig. 31*75. 

the weld is to be made. A single impulse of positive voltage 
is applied across leads 90-91 to the grid of firing tube 7 in 
Fig. 31*75 to initiate the discharge. Tube 1 is thereby 
initiated; the discharge current and voltage are shown by 
the oscillograms in Figs. 31*76 (a) and 31*76 (6). 


Tube 1 conducts current from time To to T 2 in Fig. 
31*76 (a), and tube 2 begins to conduct at time T 2 and con- 
ducts current to the end of the discharge at T 4 . Discharge 
current and voltage are displaced by a phase angle depending 
upon the circuit parameters. At the end of the discharge, 
the voltage of the capacitor bank has the same polarity as 
the initial charge voltage. This means that some of the 
original stored energy is returned to the capacitor bank for 
use on the next weld. It also means that the speed of the 
control is increased, because the charging time of the capacitor 
bank for subsequent operation is decreased. 

The curve of flux versus magnetizing ampere-tums for a 
typical welding transformer is shown in Fig. 31*77. In this 



Fig. 31*77 Transformer flux, unidirectional-discharge circuit of 

Fig. 31*76. 

figure the flux corresponds to the current and voltage oscillo- 
grams of Fig. 31*76 (a). Before the weld, it is assumed that 
the flux has been fixed at point K (the flux-reset point). 
During discharge the flux changes along the curve through 
points ii/, Nj and G to reach a maximum B at time Ti in 
Fig. 31*76 (a). From Ti to the flux decreases along the 
curve through points C, E, and F. From to T 4 the flux is 
increased again, and the final value is reached at G at time T 4 . 
Area GHJ is proportional to the residual energy in the trans- 
former core at the end of the weld. The short-circuiting 
effect of the secondary circuit prevents any substantial de- 
crease in this energy until the electrodes arc opened. This 
energy must then be dissipated at the electrodes upon sepa- 
ration. 

Unidirectional-Discharge System 

The circuit for the unidirectional-discharge system sliown 
in Fig. 31*78 consists of: 

1. The capacitor bank. 

2. The welding transformer and its secondary load circuit. 

3. A series ignitron tube (or a magnetic contactor) to con- 
nect the capacitor to the primary of the wielding transformer. 

4. A shunt ignitron tube to prevent reversal of capacitor 
voltage and welding current. 

5. Reversing contactors to change the direction of current 
through the transformer each operation to prevent saturation 
of the transformer. 
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If it is assumed that contactor A is closed and B is open, 
the operation of this circuit is as follows: Capacitor bank C 
has been charged to the proper voltage by the main rectifier. 
To start welding, the series ignitron, tube 1, is made to con- 
duct. Current through the primary of the welding trans- 
former rises rapidly, and capacitor voltage falls as shown by 
Fig. 31 ‘79. Shortly after the current reaches its maximum, 
the capacitor voltage reverses (if the circuit is oscillatory). 



The shunt ignitron, tube 2, is made to conduct as soon as 
the reverse voltage becomes greater than the breakdown 
voltage of the tube at time T 2 in Fig. 31*79. Primary current 
then is transferred from the series-tube circuit to the shunt- 
tube circuit and decays exponentially until the shunt tube 
ceases to conduct. 

The flux change in the transformer is shown by Fig. 
31*77. At the start of discharge the flux is at a residual value 
at point A, As the discharge progresses the flux changes 
through N and G to point B at time Ti, While the shunt 
ignitron is conducting, the flux falls from B to C. The shaded 
area CDE represents the energy stored in the transformer 
iron at the end of discharge. It is much larger than the 
energy stored during a full-cycle discharge; therefore, a 
primary short-circuiting contactor {E in Fig. 31*78) must be 



Fia. 31*79 Transformer current and voItaKes in the unidirectional- 
discharge circuit. 

used to prevent sparking at the electrodes or a high surge 
voltage on the primary of the transformer when the elec- 
trodes are opened after a weld. 

While the capacitor is recharging, contactor A is opened 
and B closes; thus the direction of the discharge current on 
the next weld is reversed. The contactors may be replaced 
by a flux-resetting rectifier such as that shown in Fig. 31*76. 
Elimination of the contactors is desilable for high-speed 
operation. 
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31-36 FLUX RESETTING 

A flux-resetting rectifier supplies to parts of the primary 
winding of the welding transformer a current of opposite 
polarity to the first half cycle of discharge current. The 
resultant magnetomotive force applied to the transformer 
core resets the flux at the same value (K in Fig. 31*77) 
between welds. If the flux is not reset, the transformer iron 
tends to become saturated, and welding current is decreased. 

Some important factors in economical rectifier design are: 

1. The rectifier must be capable of resetting the core flux 
in a minimum time determined from the maximum desired 
operating speed. Any attempt to reset flux with a closed 
secondary circuit in as short a time as the discharge time 
requires a resetting current of the same magnitude as the 
weld current. Therefore, flux resetting must be accomplished 
while the electrodes are open. 

2. Self-inductance of that portion of the primary winding 
carrying flux-resetting current must be known. Current- 
limiting resistor /?47 must have a sufficient resistance to 
make the time constant of the circuit small, and thus permit 
the flux-resetting current to reach its final value quickly. 

3. The type of rectifier used for flux resetting must be 
selected with regard to maximum ripple-voltage output under 
load. Ripple voltage in this circuit appears across primary 
and secondary windings of the welding transformer. If this 
voltage is too large, the secondary electrodes will spark if 
they arc accidentally short-circuited by the operator as he 
inserts material in the machine for welding. 

4. Ampere-turns supplied by the rectifier should be suffi- 
cient to establish the flux-reset point K of Fig. 31*77 at a 
value past the knee of the flux-ampere-tum curve to minimize 
variation in the magnetic characteristics of the iron in differ- 
ent transformers of the same rating. 

The direct current required to reset the welding transformer 
flux therefore can be less than 3 amperes for nearly all trans- 
formers if these four factors are properly considered. 

With a flux-resetting rectifier the initial value of flux K 
can l)e greater than the residual value obtained \vith the uni- 
directional-discharge circuit; therefore it is possible to obtain 
a greater change in flux from a given welding transformer. 
A greater peak value of weld current can therefore be ob- 
tained without change in transfonner design. 

31-36 FORGE-TIMING CIRCUIT 

Forging, as applied to resistance welding, is the application 
of an additional pressure to the material being w’^elded at 
some time during the welding period. Most welding engi- 
neers now agree that forging is instrumental in producing 
crack-free welds in aluminum. 

One method of forging is to energize a solenoid air valve 
which acts to increase pressure on the welding electrodes. 
In any case, the objective is a rapid increase in pressure on 
the material at some time after the welding current has 
reached its peak. The instant of pressure application is 
adjustable at 8 to 192 milliseconds after the welding current 
is initiated. The forge-timing circuit provides this adjustable 
timing period. 
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Several different types of valves are used for forging, each 
having different characteristics. The minimum operating 
time of many valves is more than the minimum forge delay 
required. To obtain correct minimum forge delay with the 
slower valves, they must be energized before the welding 
current is initiated. For this purpose initiation of the welding 



Fig. 31*80 Sequence of events, forging. 


current is delayed by means of a weld-delay circuit, as shown 
in Fig. 31*80. Forge-delay time is the sum of valve-delay 
time and valve-operating time minus weld-delay time. 

Several different methods can be used for energizing valves. 
Some can be energized by d-c sources; others must be ener- 
gized by the discharge from a capacitor. The system in 
Fig. 31*81 uses a d-c supply for providing energy to operate 
the valve. The valve is energized by initiating tube 5. 

Operation of the circuit is as follows: When a weld is to 
be made, relay ^CR is energized. As pressure on the elec- 
trodes reaches the proper value, relay 4CR is energized. Open- 
ing of a normally closed contact on relay 4CR creates an 



impulse on the grid of tube 4, which causes the ixihe to con- 
duct current. This charges capacitors Cg and Cq through 
potentiometers Pi and P 2 respectively. As the voltage on 
capacitor Cg becomes great enough to overcome the negative 
bias across the part of resistor R 2 in the grid-cathode circuit 
of tube 5, the tube conducts and energizes the forging valve. 


Valve-delay time can be adjusted from 8 to 192 milliseconds 
by means of potentiometer Pi, 

Operation of the weld-delay circuit is similar to that of the 
valve-delay circuit. As the voltage across capacitor Cg over- 
comes the negative bias on tube 6, the tube conducts and dis- 
charges capacitor Cg through the low-voltage winding of 
transformer T 12 . This pro<iuces a voltage impulse across the 
high-voltage winding of the transformer, which is connected 
in the grid circuit of tube 7 in Fig. 31*75. The impulse 
causes the tube to conduct, whiiih in turn initiates tube 1 
through which the capacitor bank discharges into the welding 
transformer. 

Weld-delay time is adjustable from 16 to 48 milliseconds 
by means of potentiometer P 2 , L'snally weld delay is set for 
16 milliseconds, and forge delay is varied by adjusting only 
potentiometer 1 in the valve-delay circuit. In this manner, 
the forge delay can be varied from 8 to 192 milliseconds. 

31-37 MAGNETIC-ENERGY STORAGE FOR 
RESISTANCE WELDING 

The magnetic system is based on the principle that elec- 
trical energy can be stored in magnetic material, for example 
the iron core of a welding transformer, by passing a direct 
current through a winding or coil wound around this magnetic 
circuit. The amount of energy that can be stored depends 
upon both the volume of magnetic material and the maximum 
flux density in the magnetic material. A two-winding trans- 
former or a single-winding reactor may be used for this pur- 
pose. The amount of energy that can be stored for a par- 
ticular volume of iron can be increased if a small air gap is 
left in the core. 

An elementary welder of this type could be constructed as 
shown in Fig. 31*82 with a battery, a welding transformer, a 
relay ICR that can be adjusted to operate when its coil 
current reaches a pre-set value, a heavy contactor A, and an 
initiating switch. 



Fig. 31*82 Elementary maKiietic-euei-gy-storage system. 

As the switch is closed, current passes from the battery 
through contact A and coil ICR to the primary of the welding 
transformer. 

This current is initially zero and does not increase instan- 
taneously but rises exponentially because of the inductive 
effect of the welding transformer and its secondary circuit. 
A typical curve for charging current is shown in Fig. 31*83. 

As primary current reaches a pi*edeterniined value relay 
ICR operates and contactor A is de-energized. Contact A 
then interrupts the primary current. Rapidly decreasing 
primary current in the transfonner induces a voltage momen- 
tarily across the secondaiy winding. As a result, secondary 
current increases to a peak value at the same time as primary 
current decreases to zero. Secondary current then decays 
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exponentially, with the decay time-controlled by the resist- 
ance and inductance of the secondary circuit. The weld or 
secondary current is shown in Fig. 31-83. 

Primary current must be internipted quickly, or the energy 
stored in the transformer is dissipated in an arc across con- 
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Fig. 31-83 Sequence of events, magnetio-energy-storage system. 

tact A, The rate at which current falls to zero in the primaiy 
determines the peak of secondary current in the welding 
transformer. The peak value can be controlled also by chang- 
ing the value of primary current for which ICR becomes 
energized. Interrupting at a smaller primary current de- 
creases secondary current. This method is commonly used 



be necessary to control the extinguishing of the arc across the 
interrupting contacts for each weld. Therefore, a series of 
four or eight contacts is used to insert resistance progressively 
in the primary circuit as shown in Fig. 31-84 (interrupter 1). 
By the time the first three contacts have opened, current has 
decreased to a small value for final interruption by contact 4. 
The drop-out or operating time of each contactor is carefully 
controlled by a resistor shunting each of the d-c operating 
coils A, /?, C, and J5. 

Use of mechanical contactors to intemipt primary current 
has several disadvantages, including frequent adjustment of 
the resistors controlling drop-out time to adjust for wear of 
the moving parts and frequent replacement of the arcing 
contacts. 

Interrupter 2 in Fig. 31 -84 is an improved device. It con- 
tains a single contactor, but a capacitor bank of several 
hundred microfarads is connecte<l across the contacts. The 
contactor is air-operated and is arranged to open quickly to 
interrupt primary current. There is almost no arcing across 
this contact l)ecause the uncharged capacitor provides a 
parallel path of low resistance. The capacitor is charged, 
and a voltage builds up across it to oppose the rectifier 
voltage. The whole action takes place quickly and forces 
the primary current to zero in the same time interval as with 
a mechanical contactor. 

The commercial design of the electrical circuit for magnetic- 
energy storage is shown in Fig. 31-84. The battery is re- 
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Fio. 31*84 Block diagram of magnetic-energy-storage welding system. 


to control the magnitude of weld current. Resistance blocks 
in the secondary circuit can be changed to control the decay- 
ing portion of the secondary current wave. 

If only a single contact were used to intemipt the primary 
current it would be impossible to contfbl the magnitude of 
the secondary current within narrow limits, because it would 


placed by a low-voltage three-phase half-wave rectifier to 
convert three-phase a-c power to d-c power. The rectifier 
initiating thyratrons are phase-controlled to permit smooth 
adjustment of output voltage to any value between 80 and 
155. In general, a lower unidirectional voltage is required 
for welding light gauges of aluminum to compensate for varia- 
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tions in operating time of the relay system used to control 
interruption of primary current. If primary charging current 
rises rapidly the variation in relay-operating time causes 
appreciable variation in the stored electrical energy at inter- 
ruption; consequently weld current varies too much. The 
rate of rise of primary charging current is reduced by de- 
creasing rectifier output voltage to obtain consistent amounts 
of energy for each weld. 

In this system the material to be welded must be in place, 
with the welder secondary circuit closed, before energy stor- 
age or charging can begin, because there can be no elapsed 
time between the end of the charging period and the start of 
the weld or discharge period. 

During the charging period, increasing primary current 
causes secondary current in the welder. This preheat current 
must be limited or the material will overheat and deform 
before the weld; therefore the rate of increase of primary 
current must be limited. 

It is therefore sometimes necessary to use the reactor in 
Fig. 31*84 in parallel with the primary of the welding trans- 
former to store energy in a reasonable length of time and 
avoid excessive preheat secondary current. Charging time 
on a standard machine varies from 0.05 to 0.5 second. 

In welding thick materials the preheat current aids in 
making the weld by breaking down higher contact resistance 
between the two pieces of metal. In welding thin materials, 
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the preheat current causes deformation of the metal even 
though a parallel storage reactor is used. This welder there- 
fore contains an anti-preheat ignitron which functions when 
the jumper around it is removed. The tube blocks current 
in the welding transformer during the charging period. All 
energy is stored in the reactor. As the interrupter operates, 
voltage reverses across the reactor, and the ignitron conducts 
to transfer the stored magnetic energy from the reactor into 
the welding transformer. 

A short-circuiting contactor 2CR is required across the 
welder primary to prevent electrode sparking when the elec- 
trodes arc opened immediately after a weld is made. 

Sequence-timing circuits for the magnetic-energy storage 
system are similar to previously described circuits for energy- 
storage welders. However, one additional function is pro- 
vided on magnetic energy storage welders. This is an addi- 
tional electrode pressure referred to as ‘‘precompression” in 
Fig. 31*83. With the additional pressure the contact resist- 
ance is lowered slightly before the passage of welding current, 
since the material is forced into more intimate contact. The 
additional pressure aids in controlling weld consistency. 

Sound welds can be obtained with this system over a wide 
range of materials with a slightly higher kva demand on the 
power system than for a comparable capacitor-discharge 
system. However, the reduction in kva over single-phase 
welders is substantial. 
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. INDUSTRIAL PHOTOELECTRIC CONTROL 

V. B, Baker 


A PPLICATION of light-sensitive control is logically 

/% divided into two groups: (1) old jobs that can be done 
-ZjIl better or more economically by photoelectric control, 
and (2) functions which were formerly impossible. To replace 
some existing device, photoelectric control must be justified 
on the basis of economy or its ability to give better perform- 
ance, a better product, or higher production. If a task can 
be performed in several ways, the merits of each solution 
must be considered carefully. It is not so difficult to justify 
the use of photoelectric control to perform a function which 
cannot be done satisfactorily in any other manner. 

Any photoelectric device is vastly inferior to the human 
eye. Man has not yet made a device which can match 
certain abilities of the eye; for example, the eye does not have 
to be focused on a passing object, perhaps only a tiny speck, 
to be aware of its presence and direction of motion. No 
phototube has this ability. Much time and money have 
been spent on some photoelectric inspection jobs such as the 
determination of surface flaws in paper and tin plate or 
foreign material in milk and soft drink bottles, but success 
has been negligible. The solution of this type of problem 
may perhaps be found in the iconoscope and the methods of 
high-speed scanning used in television. 

321 PHOTOTUBE AMPLIFIERS 

Before phototubes can be put to work, their minute current 
output must be amplified. These currents may be only a 
fraction of a microampere, or as large as 20 or more micro- 
amperes. Generally, a given application requires a certain 
type of optical system to establish phototube illumination 
and, consequently, phototube current. The amplification 
required depends upon both phototube current and the cur- 
rent or power requirements of the device to be controlled. 
Besides amplifying the feeble currents, the amplifier serves 
as an impedance-matching element; the phototube is a high- 
impedance device, whereas the controlled device usually has 
a low-input impedance. Amplifiers have gains ranging from a 
few thousand to well over a hundred thousand. The con- 
trolled element usually is a bell or a light, a solenoid, a motor 
armature, or a generator field. 

A vacuum-tube amplifier operates on voltage changes in 
the input circuit; consequently, phototij[be current must be 
converted into a proportional voltage prior to amplification. 
This is done by inserting impedance in series with the 


phototube. Such impedance usually consists of pure resist- 
ance or resistor-capacitor combinations; transformers are 
rarely used, because the required high-input impedance is 
difficult to obtain. Phototube load impedances generally 
range from 1 to 20 megohms. Such high impedance is re- 
quired to produce reasonable voltage drops from the rather 
small currents passed by phototubes. In some special appa- 
ratus, for example, color matchers and gas detectors, load 
resistors may be several hundred megohms. Where such 
high resistances are used, extreme precautions against leakage 
currents must be taken. 

Figure 32-1 shows a simple phototube amplifier using a 
vacuum tube with unidirectional potentials on anode and 



Fig. 32*1 Simple circuit of phototube amplifier using d-c voltages. 

Increase of light energizes relay. 

plate. With the phototube dark, it carries negligible current, 
and the amplifier tube is biased negatively by the voltage 
from potentiometer P. Plate current therefore is minimum 
or zero and the relay is de-energized. Increasing the light 
on the phototube causes it to pass current and develop a 
voltage drop across load resistor R, The voltage drop tends 
to make the grid potential less negative. If sufficient light 
strikes the phototube, the vacuum-tube plate current becomes 
large enough to operate the relay. Thus the relay is operated 
by varying the light between maximum and minimum limits 
as determined by the tube characteristic and the pick-up 
and drop-out currents of the relay. To energize the relay 
with a decrease in illumination, the positions of the photo- 
tube and the resistor R must be reversed in the circuit. 

A vacuum-tube amplifier which operates on alternating 
voltage is shown in Fig. 32-2 (a). The relay is energized by 
an increase in illumination, and circuit operation is similar 
to that of the amplifier in Fig. 32*1, except that the photo- 
tube and amplifier tube carry current only during the positive 
half cycle. Sensitivity and eflSciency are therefore less than 
those of the d-c circuit. To prevent chattering of the relay, 
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a capacitor can be shunted around its operating coil. Grid 
capacitor C prevents a time-phase difference between grid 
and plate voltages otherwise caused by phototube and inter- 
electrode capacitances. The circuit arrangement shown in 
Fig. 32*2 (b) causes the relay to operate with a decrease in 
illumination. 



Fig. 32*2 (a) Phototube amplifier operated entirely on a-c voltages. 
Increasing light energizes relay. 


VACUUM TUBE 



(b) 


Fig. 32*2 (6) Circuit for energizing relay with a decrease in illu- 

niinatiun. 

Ordinary vacuum tubes can supply power for low-capacity 
relays only; for this reason, thyratrons or gas-filled tubes are 
extensively used in final stages of industrial phototube ampli- 
fiers. Because a thyratron grid loses control once current 
conduction has started, alternating anode voltage is used 
almost exclusively except where a lock-in feature is desired. 
A phototube circuit employing a single thyratron which 
actuates a relay directly is shown in Fig. 32-3. The grid 



Fig. 32*3 Phototube amplifier using a single thyratron; operated on 

arC voltages. 

potential consists of a phase-shifted a-c component superim- 
posed on a unidirectional voltage made up of a portion of the 
voltage across P and the drop across load resistor R, With 
no light on the phototube, the voltage across R is negligible, 
and the d-c bias prevents instantaneous grid voltage from 
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intersecting the critical-grid-voltage characteristic of the 
tul^e; hence the thyratron remains non-conducting. With 
light, the phototube carries current, and the unidirectional 
voltage across R makes the total unidirectional component 
of grid voltage less negative. Instantaneous grid voltage 
thus becomes sufficiently less negative to initiate current 
conduction, and the relay becomes energized. Such a circuit 
requires an illumination level of around 5 foot-candles. 
Preceding the thyratron with a single vacuum-tube amplifier 
gives greater sensitivity. 

Because bias voltages are difficult to maintain in d-c ampli- 
fiers, more than two stages of amplification are seldom used. 
Higher gains are obtained by using a-c amplifiers. If back- 
ground light is troublesome, chopped or modulated light is 
used and the amplifier input circuit is arranged to respond 



Fiu. 32-4 Amplifier for use with modulated or chopped light. 


to the rate of change of illumination instead of its total 
change. An a-c amplifier such as that shown in Fig. 32 • 4 then 
can be used for much higher amplification. 

For steady illumination, the coupling capacitor Ci is 
charged to the same voltage as the drop across /?i, and tube 
bias is determined solely by cathode resistor R^. With modu- 
lated light on the phototube, the pulsating voltage across Ri 
causes an alternating voltage across /f 2 » resulting from the 
charging and discharging currents of Ci. The frequency of 
this a-c component of bias voltage is the same as the light 
impulse frequency. This voltage is amplified in the vacuum 
tube circuit, and appears across the reactor in the plate 
circuit. Grid voltage for the thyratron is made up of a d-c 
component from potentiometer P and an a-c component 
across resistor R 4 , which exists as long as modulated light 
strikes the phototube. Since the light frequency is greater 
than the frequency of the thyratron-anode supply, the relay 
always is energized except when the phototube is dark. 

In many industrial applications a time delay in the photo- 
electric controller can be used to advantage. For example, 
in sequencing an industrial process or spacing objects on a 
conveyor belt, it may be desirable to initiate action only if 
the events or objects are out of order. The circuit shown in 
Fig. 32-5 incorporates time delay between light change and 
relay operation. With light on the phototube, thyratron A 
is non-conducting, and capacitor C is charged to the voltage 
between points M and N. The potential of the point D is 
therefore the same as the cathode of thyratron fi, and thus 
it is permitted to conduct current and hold the relay ener- 
gized. If phototube illumination is decreased sufficiently, 
thyratron A fires and effectively short-circuits the capacitor 
through current-limiting resistor R, The grid of thyratron B 
is immediately made highly negative, and the relay opens 
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almost instantaneously with the light decrease. Restoring 
light to the phototube causes thyratron A to cease conduct- 
ing, and the capacitor begins to charge at a rate determined 
by the total resistance in its charging circuit, of which poten- 
tiometer P is a portion. Thyratron B therefore is held non- 
conducting until the voltage drop caused by capacitor- 
charging current across the resistor and potentiometer be- 
tween points D and N decreases enough to permit conduction. 



Fig. 32*5 Circuit incorporating a time delay between resumption of 
light and relay pick-up. 

The relay docs not become energized until a time interval 
following restoration of illumination. The length of this 
time delay is varied by adjusting the setting of P. 

32-2 SENSITIVITY 

Sensitivity may be defined in several ways. Absolute 
illumination requirements vary with amplification, type of 
phototube, and other factors, and may range from many 
foot-candles to a small fraction of a foot-candle. The change 
in phototube illumination necessary to initiate the control 
element may be as much as 100 percent or only a few percent. 
Color sensitivity depends upon the spectral response of the 
phototube itself, as discussed in Chapter 7. If the apparatus 
is responsive only to the rate of change of illumination in- 
stead of total change, another type of sensitivity must be 
considered. 

With a phototube in the grid circuit of a small thyratron, 
absolute illumination requirements may be from 5 to 10 foot- 
candles with unidirectional anode voltage, and as high as 40 
or 50 foot-candles with alternating voltage on the anode. 
With one stage of d-c amplification between phototube and 
thyratron, an illumination of about 1 foot-candle or less 
usually is sufficient. Many photoelectric relay applications, 
such as limit switching, counting, and sorting can be handled 
with this amount of phototube illumination. Additional 
amplification permits further reduction in light flux. 

A photoelectric relay or control device can be made to 
operate satisfactorily with a change of only a few percent in 
light flux, but such a high degree of sensitivity is seldom 
needed in industrial equipment. The sensitivities usually 
are such that at least a 25 percent change is required. Such 
equipment can operate over long periods of time with a 
minimum of incorrect operation caused by spurious disturb- 
ances. 

If the color of the controlling medium influences operation, 
the relative spectral-response characteristics of different 
phototubes must be considered. A phototube can be made 
with almost any desired spectral-response characteristic, but 
most commercial phototubes have color-response curves con- 
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forming to a limited number of standardized characteristics 
that fill most application needs. Since the output of ordinary 
incandescent lamps contains much red and infrared radiation, 
several commercial phototubes are designed for maximum 
sensitivity near the red end of the spectrum. 

Use of infrared calls for careful attention to both absolute 
illumination level and phototube spectral response. Infrared 
filters commonly used to limit the amount of visible light 
may reduce the effectiveness of the light source from 50 to 
90 percent. Light-source power, maximum spacing between 
light source and phototube, and amplifier gain all influence 
the selection of suitable equipment for a given job. A typical 
application using infrared is burglar-alarm systems, in which 
visible light should be reduced to the lowest practical limit; 
otherwise, the essential element of surprise may not be 
acliieved. 

Generally devices that respond to the rate of change of illu- 
mination are more sensitive (require a lower level of phototube 
illumination) than devices responsive only to total change. 
Phototube illumination of 0.02 or 0.03 foot-candle can be 
utilized with no more amplification than would normally be 
required with about 0.5 foot-candle and a phototube circuit 
responsive to total change of illumination. Devices respond- 
ing to rate of change of illumination are well suited for out- 
door applications where background illumination is ever- 
present and difficult to eliminate. 

32*3 SPEED OF RESPONSE 

Duration of light impulses may vary from 1 second or 
more to as little as 0.0005 second. If light-beam interruption 
lasts 0.1 second or longer, a small industrial relay has time 
to close, and a circuit responsive to absolute illumination 
(static control) can be used. If interruption is shorter, say 
0.01 second, the controller is generally made responsive to 
rate of illumination change. Such circuits utilize the high- 
speed relay action of a thyratron to bridge the time gap 
between light impulse and relay closure. D-c anode voltage 
on the thyratron provides lock-in control, and manual or 
automatic resetting of the circuit is reejuired after each 
operation. 

On static control, the maximum number of operations per 
minute depends upon the closing time of the relay or other 
control device and the resetting time. For example, in a 
moderately high-speed counting application, the resetting 
time should be at least equal to the operating time. If the 
control device can be energized in 0.1 second, 0.2 second 
should be allowed for a complete cycle giving a maximum of 
300 operations per minute. This maximum rate can be in- 
creased by arranging the thyratron to operate a high-speed 
magnetic counter directly. Some magnetic counters can oper- 
ate as fast as 800 times a minute. Above this rate, all- 
electronic counters must be employed. 

32*4 OPTICAL SYSTEMS 

An optical system includes the light source and all optical 
parts up to the phototube cathode. The controlling medium 
itself sometimes must be considered part of the system. 

Obviously, the needs of the application dictate the design 
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of this important component. The most elemental and most 
common optical system consists of a simple light source with 
the beam directly incident upon the phototube. The con- 
trolling medium causes partial or total interniption. Inhere 
are thousands of applications of this type in scores of different 
functional arrangements. Limit-switch a(iiion on industrial 
machines and production lines, safety devices on machine 



Fig. 32-6 Example of the application of simple photoelectric control 
for automatic weight checking. When weight is correct, light on the 
phototube located on the op{X)site side of the scale is blocked out by the 

pointer. 

tools and elevator doors, traffic control and automatic weigh- 
ing systems (Fig. 32-6), and production-line counting and 
sorting of objects are but a few of the tasks performed by this 
simple arrangement. Optical equipment in more complicated 
apparatus such as sound motion pictures, facsimile trans- 
mission, and color matchers are extremely elaborate. 

Three fundamental rules should be observed : 

1. The light source should be capable of providing suffi- 
cient illumination for the worst operating conditions. 

2. The controlling medium should be arranged to produce 
maximum absolute and percentage change in illumination 
on the phototube. A change of 50 percent or more is a good 
guide. 

3. The light beam should cover as much area as possible 
of the phototube cathode to minimize local changes in cathode 
response. 

Radiant energy from the light source may reach the photo- 
tube by direct transmission, or the rays may be bent by 
reflection or refraction. Direct transmission is used more 
extensively because it is simpler and meets the requirements 
of most applications. If reflected light is used, the optical 
system generally is arranged to work on diffused reflected 
light instead of spectrally reflected light. Tin-flow regulators 
in the steel industry and slitter and cutter register regulators 
in the paper and printing industries employ diffused reflected 
light extensively. The refractive index of a liquid or a trans- 


lucent solid is sometimes used. Certain plastic materials 
can be used to channel light rays as desired. Light from a 
heated object is sometimes used to indicate temperature. 
Phototube excitation of this type is practicable only at tem- 
peratures above 1500 degrees Fahrenheit. Below this tem- 
perature, the intensity of the visible radiation is too low to 
be usable. 

Because the success of any appli(;ation depends upon design 
and care of the optical system, possible disturbing factors 
should be considered from the outset. Any one of such fac- 
tors as supply-voltage fluctuations, extraneous phototube 
illumination, ambient temperature, dust, fumes, or humidity 
may directly cause or contribute to incorrect performance. 

Line-voltage change has its greatest effect on the intensity 
of the light source. In the working range, light intensity of 
an ordinary incandescent lamp varies according to some 
exponential power greater than the cube of the applied 
voltage. For example, a 5 percent reduction in lamp voltage 
reduces light intensity about 16 percent (sec Fig. 32 -7). If a 
photoelectric control device is adjusted to operate with a 
change of only a few percent in luminous flux at the photo- 
tube, light-source voltage must be almost constant. More- 
over, voltage changes on the eleetronic apparatus may initiate 
operation even with constant luminous flux. 

Some supply-voltage variation usually can be tolerated 
because an illumination change of 50 percent or more can be 
obtained by suitable arrangement of the controlling medium. 

140 1 , 1 , , 
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Fio. 32*7 Effect of variation of lamp voltage on light intensity ob- 
tained from ordinary incandescent lamps. 

If available illumination change is much smaller, special 
precautions must be taken. If line-voltage changes in excess 
of a few percent are anticipated, a voltage-regulating trans- 
former or other means must be used for providing constant 
voltage, especially at the light source. If the source of illumi- 
nation is independent of line voltage and high sensitivity is 
needed, the electronic apparatus should be fed through volt- 
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age-regulating transformers or made independent of applied- 
voltage change. 

A phototube cannot differentiate between light from the 
controlling source and all other extraneous or background 
illumination. It is imperative therefore that background 
light be considered in planning an installation. For example, 
if half the luminous flux at the phototube is extraneous light, 



Fia. 32*8 Chart showing light intensity at various distances from the 
source under three different conditions. 


total interruption of the controlled light beam may give only 
a 50 percent change at the phototube. Extraneous light 
always should be reduced to a practical minimum; the per- 
missible amount of background light is determined entirely 
by the requirements of the particular application. Extran- 
eous illumination can be reduced by shielding the phototube 
or by proper orientation of the apparatus. Its effects may 
be minimized by increasing the candlepower of the light 
source or by use of suitable filters. 

Outdoors it is almost impossible to reduce extraneous illum- 
ination to the necessary minimum, if light source and photo- 
tube are far apart. Use of a modulated light beam (Fig. 
32-10) and suitable amplifier (Fig. 32-4) renders ineffective 
the average illumination striking the phototube. The ex- 
traneous illumination is relatively constant, so operation of 
photoelectric equipment over great distances in broad day- 
light is possible. 

Sensitivity of a phototube varies with the temperature of 
the cathode (see Fig. 7*23). Exceeding the maximum- 
temperature rating for an appreciable time may cause perma- 
nent reduction or complete loss of sensitivity. Maximum- 
temperature ratings of phototubes usually are 50 degrees 
centigrade or 100 degrees centigrade, depending upon the 
type; the more common phototubes used in industry are 
rated at 100 degrees centigrade. To insure reliability and 
long life they should not be subjected to ambient tempera- 
tures much in excess of 70 percent of their maximum ratings. 
If the illumination at the phototube emanates from a hot 
body, safeguards against radiant heat jpust be taken. The 
measured ambient temperature may be within reasonable 
limits, but radiant heat absorbed by the phototube cathode 


may heat it excessively. Suitable water filters therefore 
should be included in the optical system. 

Dust, fumes, oil mist, or smoke may have an adverse effect 
on phototube illumination. Humidity and temperature vari- 
ations may cause vapor condensation on lenses or other opti- 
cal parts. Outdoors, fog and rain, and the normal effects of 
weather must be taken into account. The worst operating 
conditions must be anticipated, and the equipment must be 
planned accordingly. 

Each mirror in the optical system should be assumed to 
absorb 50 percent of the light incident upon it. For example, 
two mirrors reduce the light intensity at the phototube to 
25 percent of that obtainable from the source with no mirrors 
and the same beam length. Theoretically, the reduction per 
mirror is less than 50 percent, this being a practical figure 
based on operating experience. Mountings should be rigid; 
only a slight misalignment is greatly amplified by the beam 
arrangement. 

Light Sources 

Although many applications require special types of 
sources, a few general-purpose light sources satisfy the needs 
of the majority of uses. Of these there are three general 
types: (1) parallel beam for moderate distances; (2) concen- 
trated beam for short di8tanc*e8; and (3) modulated beam for 
long distances or for use where the level of extraneous illumi- 
nation is high. 

The parallel-beam type usually consists of a low-voltage 
lamp at the focal point of a convex lens. Since the lamp 
filament has finite size, the light rays diverge slightly and 
the beam is not truly parallel. Effectiveness of lenses in 
collecting light from the source and projecting it in an ap- 
proximately parallel beam is illustrated in Fig. 32-8. For 



Fig. 32 -9 Simple light source with a IJ^inch-diameter lens. Thumb 
screw permits focal adjustment of lens for different operating condition. 

example, a 60-watt lamp produces an illumination of 5 
foot-candles at a distance of only 3 feet without lens; a 30- 
watt lamp and lens of diameter produces the same 

illumination at 18 feet, or at 46 feet with a 3-inch lens. This 
type of light source (Fig. 32*9) is used for most general- 
purpose applications where beam lengths may be only a few 
feet or as much as 30 or 40 feet. 
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Applications dealing with small objects or small displace- 
ments, or requiring a small, high-intensity spot of light 
generally require concentrated-beam light sources. Such a 
source usually consists of a low-voltage lamp placed outside 
the focal point of a convex lens to produce a converging 
beam. If the spot of light, which at the focal point is an 
image of the lamp filament, does not have the proper shape, 
apertures can be used to alter the spot. Beam lengths 
usually are only a few inches. 



Fig. 32*10 A mo<lulatcd light source. The 3-inch-(liameter lens pro- 
vides beam strength of suitable intensity for distances in excess of 200 

feet 


For outdoor applications involving relatively long beams, 
chopped light affords distinct advantages. A typical modu- 
lated light source, self-contained in a weatherproof housing, 
is shown in Fig. 32 * 10. A small synchronous motor drives 
the perforated disk at 1800 revolutions per minute. Light 
from the low-voltage lamp behind the disk is interrupted be- 
tween successive holes as the disk rotates, thus modulating 
the light l>eam 100 percent at a frequency of 540 cycles per 
second. Operating ^stances of 200 feet or more are possible 
with this type of light source. 

Small low-voltage low-power lamps are used in each of the 
types of light sources discussed. The reason is that only a 
small portion of the image of the lamp filament at the photo- 
tube can be utilized; therefore color temperature of the fila- 
ment is the sole factor in determining light intensity at the 
phototube. The filaments of most general-purpose lamps 
operate at about the same temperature; consequently little, 
of any, increase in intensity is gained by using a lamp of 


higher wattage. Lamps rated at 30 or 40 watts and 6 or 8 
volts are most suitable for general use. There are exceptions, 
of course. 

In the multicolor press-register regulators discussed later 
in this chapter, the lamp in each of the scanners is a special 
lamp of the projector type. Cutter-register regulators are 
usually equipped with this type of lamp. Lamps rich in 
ultraviolet, such as high-power mercury lamps, are used 
occasionally. 

Phototubes 

Although there are three types of light-sensitive cells, the 
phototube (photoemissive cell) is employed more widely in 
industrial apparatus than either the photovoltaic or the 
photoconductive cell. The phototube is fundamentally a 
high-impedance device and is therefore capable of developing 
large voltages across its load imi:)edance. These voltages can 
be amplified, and this characteristic alone gives the photo- 
tube a flexibility and utility unmatched by the other two 
types of cells. Moreover, its high sensitivity, stability, rea- 
sonably wide ambient temperature range, and the positive 
control available over its spectral-response characteristics 
give it superiority. 

In varying degrees, both the photovoltaic cell and the 
photoconductive cell lack these desirable characteristics; con- 
sequently, neither type has teen used extensively in industrial 
apparatus. Photographic exposure meters, light-intensity 
meters, and a few industrial applications such as smoke 
alarms and illumination control constitute their greatest use. 

Most phototubes used in industry are of the gas-filled 
type. The recommended maximum operating voltage for 
these tubes is around 90 volts. A voltage much higher may 
cause a glow discharge attended by damage to the cathode 
surface. 

Phototubes arc often used to differentiate between different 
colors, and the effects of their spectral characteristics are 
important. For example, a phototube having peak sensi- 
tivity in the red region of the spectrum gives only slightly 
different responses to a red object and a white object, al- 
though the eye indicates considerable difference. Blue or 
green, however, causes little response, and the maximum 
difference in response is between these colors and white. In 
the same way, a yellow object appears almost as black to a 
phototube having peak response in the blue region and low 
response elsewhere. 

If plenty of space is available, the phototube is usually 
mounted in the amplifier cabinet, but it may be desirable to 
mount the phototube in its own housing, because of space or 
other limitations at the observation point. Maximum exten- 
sion of a phototube from its amplifier depends upon the elec- 
trical characteristics of the connecting wires. With alternat- 
ing voltage on the phototube the capacitance between wires 
determines the permissible extension. A 10-foot cable ordi- 
narily used for such applications has a capacitive reactance 
of about 10 megohms, which is roughly the same as the photo- 
tube load impedance. This spurious impedance reduces the 
sensitivity of the equipment. Where greater extensions are 
required, a unidirectional potential must be applied to the 
phototube. Maximum extension then is limited only by the 
insulation resistance of the cable; however, cable capacitance 
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in combination with the phototube load resistor forms an RC 
circuit which reduces the speed of response. Extensions above 
50 feet should be avoided. Under any conditions, distance be- 
tween phototube and amplifier should be as short as possible. 

The cable connecting an extended phototube with its 
amplifier should be shielded, it should be of gomi grade, and 
it should not be spliced. BX or other ordinary rubber- 
covered wire should not be used. Anything which may tend 
to increase leakage currents, such as insulating tape (which 
usually is hygroscopic) or collection of dust, should be 
avoided. Conduit carrying phototube leads should be 
grounded and free from other power wires. 

If moderate extension of the phototube is required, it may 
be advantageous to include in the phototube housing a single 
stage of amplification. The power level of the output circuit 
then can be more readily handled over long wires. 

32-6 APPLICATIONS 

Photoelectric controls have been used in so many different 
industries and in such a wide variety of forms that even a 
moderately complete description of them is impossible here. 
Specific applications have been selected to typify particular 
uses or to illustrate the adaptability of light-sensitive devices 
in solving special problems. 

To simplify the application of photoelectric control manu- 
facturers have developed many types of general-purpose 
photoelectric relays and control devices. These standardized 
units (Fig. 32-11) arc adaptable to most of the more common 



Fig. 32-11 General-purpose photoelectric relay. 


uses; they also serve as basic components in more complicated 
control systems. Hence, special design is not necessary for 
most of the simpler applications. 

General Control 

On production lines including a painting operation, speed 
and efficiency have been improved by the addition of a simple 
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‘‘on-off*’ photoelectric control. A light beam spans the con- 
veyor carrying the objects. Interruption of the beam by 
one of the objects initiates the paint sprayer, and the object 
is painted. Operation is timed so that painting is complete 



Fig. 32-12 Photoelectric relay used for control of doors on a heat- 
treating oven. 


when the sprayer is shut off automatically. No paint is 
wasted between objects, and the cycle proceeds at maximum 
speed. 

The same simple arrangement can be used to open doors 
to a heat-treating furnace (Fig. 32-12), or to stop motion 
long enough to perform an operation on a piece. Similarly, 
objects can be counted, sorted, kept in fixed relation to one 
another, or made to initiate an operation for any number of 
special functions. 

Interruption of a simple beam for limit-switching has 
countless uses. Liquid level in vats or tanks, as well as the 
level of material in bins, can be controlled. In rod and pipe 
mills of the steel industry, photoelectric limit switching stops 
the stock at a fixed position prior to cutting. Pieces of pre- 
dcteiTOincd length are thus cut, and high-limit switch main- 
tenance and loss are eliminated. Photoelectric equipment 
for elevator leveling stops the elevator accurately at each 
floor. These applications are typical; the possible uses 
number thousands. 

Photoelectric controls have been used in various w^ays to 
initiate an operation in response to the temperature of a hot 
body. As an example, all sorts of small stock parts shaped 
by hot upsetting can be delivered from a forging heater to 
the upsetting machine at just the right working temperature. 
Stock parts usually are heated in a resistance-type forging 
heater. An electronic control with an infrared-sensitive 
phototube receives light emitted by the part being heated, 
and initiates rejection of the piece when it has reached a 
predetermined temperature as indicated by its color tempera- 
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ture. The operation is automatic, and stock pieces can be 
fed through the heater as fast as the process will permit 
with little or no attention by the operator. 

The same type of control can be used for induction-heating 
applications, or with large resistance furnaces. Any opera- 
tion, such as cutting off power, starting a quenching cycle, 



Pia. 32-13 View showing the application of a pin-hole detector to a 
shearing line. The electronic-control cabinets arc mounted adjacent to 
the light source located above the strip. 


or initiating motion which can be accomplished by a small 
relay, can be performed by a simple, inexpensive light-sensi- 
tive relay. 

A somewhat specialized sorting device, but one of the most 
successful, is the pin-hole dete(;tor used on shearing lines in 
the steel industry. In finishing mills a continuous trip of 
tin plate is unwound from a large roll and sheared into rec- 
tangular plates (Fig. 32 -13). Prior to shearing, the pin-hole 
detector indicates the presence of a pin hole, and operates the 
classifier which sorts the sheets into two or more piles. Strip 


are connected in parallel, and each tube scans a portion of 
the sheet. Scanning zones are made to overlap by means of 
staggered cylindrical lenses. A light-tight seal is maintained 
between the sheet being inspected and the phototube housing; 
if the sheet contains no holes, no light enters the housing. 
Thus the most sensitive optical arrangement is provided. 

Figure 32-14 shows interconnections of the various com- 
ponents. Phototubes are capacitively coupled to the grid 
of the 1603 vacuum tube, making the device responsive to 
rate of change of illumination rather than total change. 
Sudden appearance of a small quantity of light on any one 
of the paralleled phototubes causes the control-grid voltage 
of the 1603 to become more negative. This voltage change is 
amplified, and the potential of lead B in the final stage be- 
comes highly positive with respect to the potential of lead D. 
Thyratron 1, the grid of which thus becomes positive with 
respect to its cathode, conducts current, and relay 1 closes to 
sound an alarm and initiate operation of the classifier. Since 
unidirectional voltage is applied to the anode of thyratron 1, 
it continues to conduct even after the initial impulse of light 
has passed and its grid potential has become negative again; 
however, when relay 1 closes, a set of back contacts opens 
and capacitor C 2 , having been previously short-circuited, 
starts to charge. When the voltage across C 2 reaches a 
predetermined value, the time depending upon the setting of 
the potentiometer P, thyratron 2 fires and energizes relay 2. 
This opens the plate supply to thyratron 1, stopping its 
conduction. The alternating voltage applied to the anode of 
thyratron 2 causes it to cease conduction as soon as the back 
contacts on relay 1 close and short-circuit capacitor C 2 
through the current-limiting discharge resistor 

The same detector is used on trimming lines on which the 
strip is rewound into finished rolls instead of being cut into 
sheets. When it is so used, a device for marking the strip 
at the point where a hole is detected must be added. This 



Fig. 32-14 Simplified circuit of the pin-hole detector showing elements of the photo! ulw housing, the amplifier, and the thyratron control panel. 

Auxiliary contacts of relay I are for sounding alarm, operating classifier, and so on. 


speeds in excess of 1000 feet per minute arc in use, and the 
detector responds to holes as small as Hoo inch in diameter. 

Components of the detector include a light source, a photo- 
tube housing, a d-c amplifier, and a thyratron control panel. 
The light source consists of several low-voltage lamps or 
fluorescent lamps. Several phototubes mounted beneath it 


additional component includes two thyratrons in a full-wave 
rectifier circuit for energizing a relay and the marking sole- 
noid, together with a vacuum tube acting as a variable- 
resistance element in a C~R timing circuit. A small pilot 
generator driven from the trimming line controls the timing 
sequence so that the marking solenoid remains energized 
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long enough to make a mark of predetermined length on the 
sheet, regardless of the speed of the line. Action of the mark- 
ing device is initiated when thyratron 1 in the control panel 
is made to conduct when a pin hole appears. 

The pin-hole detector was designed primarily for metal 
strip but may be applied wherever opaque material is to be 
scanned. Kven with opaque material and the tremendous 
change in illumination on the phototubes resulting from the 
appearance of even a very small hole, voltage amplifications 
as high as 250,000 may be necessary. In view of the diffi- 
culties inherent with gains higher than this, the device cannot 
be applied as a hole or flaw detector on translucent materials 
such as paper. 

Many systems and machines for sorting have l)een devised. 
A photoelectric bean-sorting machine, manufactured by 
Electric Sorting Machine Company of Grand Rapids, Michi- 
gan, for example, examines each bean individually and sepa- 
rates the occasional off-color bean from the multitude of 
white beans. Sorting colored objects and production-line 
sorting for size or shape hold promise of raising efficiency or 
lowering cost in some industrial processes.'*- 

Alarms and Safety Devices 

Machines and people are protected by photoelectric alarm 
and safety devices. On punch presses and sheet-metal- 
bending machines, photoelectric controls render the operating 
control ineffective as long as the operator’s hands are within 
danger zones. On many machines a simple light beam gives 
adequate coverage (Fig. 32 15); on others a curtain of light 



Fia. 32*15 A light beam crisscrosses the front of this punch press to 
render controls inoperative as long as beam is interrupted by operator’s 

hand. 

directly across the front of the operating position is necessary 
and, in some cases, two or three sides must be so equipped. 
All such controls are designed to fail safe. This attribute is 
essential since there is a human tendeScy, once confidence 
has been established, to rely heavily on protective devices, 


especially during periods of unusual fatigue. Failure of the 
light source or any element within the electronic component 
prevents normal operation. 

Similarly, these devices are used on isolated d-c motors 
and generators for protection in case of flashover. Should 
a flashover occur, the control opens a circuit breaker or other- 
wise clears the machine of the cause. In plants processing 
inflammable material, and in warehouses, strategically 
located phototubes detect fire and start the sprinkling system 
or initiate other fire-control measures. Automatic sub-sta- 
tions and switching vaults are often equipped with photo- 
electric control to sound an alarm at a central control point 
in case of fire in these remote installations. Elaborate photo- 
electric fire-detecting apparatus has been developed for use 
on ships. One such device * includes an air-sampling system 
which draws individual air samples from remote locations on 
the ship to a central indicating instrument on the bridge. 
Each air sample is passed in front of its own phototube. A 
fire is immediately indicated and located. 

Photoelectric controls are used also for fire and smoke de- 
tection in the air ducts of forced ventilating and air-condition- 
ing systems. Light passes through the duct and strikes a 
phototube. Smoke in the duct alters the quantity of light 
at the phototube and may initiate the control to close 
dampers or shut off ventilating fans in addition to sounding 
an alarm. 

Photoelectric gas detectors give an on-the-spot indication 
of dangerous concentrations of harmful gases in industrial 
plants. Traces of carbon disulphide or mercury vapor smaller 
than one part in a million can be determined in a few seconds. 
One of these devices ^ is shown diagrammatically in Fig. 
32*16. Operation is based on the principle that many gases, 
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Fio. 32 16 Diagrammatic sketch showing elements of a gas detector 
for indicating the presence of a hazardous gas or vapor in air. 

of which carbon disulphide is one, absorb certain bands of 
light in the ultraviolet region, although they show negligible 
tendency to absorb radiation in the visible range. 

Light from a common source rich in ultraviolet is passed 
through two long tubes and strikes phototubes at the ends 
of the tubes. The phototubes are connected in a balanced 
bridge circuit (Fig. 32*17) so that unbalance in light on 
their cathodes is indicated on the microammeter. An air 
sample, free from dust and moisture, traverses the length of 
one of the tubes and passes through a filter to remove the 
hazardous gas. This air, free of carbon disulphide, continues 
through the length of the second tube and is expell^. Traces 
of carbon disulphide in the first tube unbalance the phototube 
bridge circuit and are indicated on the meter. The relative 
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magnitude of this indication is a measure of the concen- 
tration. 

A similar device ® detects mercury vapor. These devices 
find their greatest application in the textile, chemical, glass, 
and other industries where the presence of a harmful gas in 
the air supply presents a health problem. Once the presence 
of a gas is known, adequate steps can be taken to keep the 
concentration below the toxic limit. 

All sorts of burglar-alarm systems are based on the ability 
of the phototube to respond to infrared radiation. To be 
effective, visible light from the source must be negligible; 
consequently a powerful light source is needed if any appre- 
ciable distance is to be covered by the beam. Light beams 


PHOTOTUBE 



Fgi. 32' 17 Balanced phototulK'-bridgo circuit gives a delicate indica- 
tion of light unbalance due to presence of hazardous gas or va|X)r in one 
of , the sampling tubes (Fio. 32* 10). 


means of the current instruments which form part of the 
optical system. A small shift to the right, for example, de- 
creases current in phototube 2 and increases in phototube 1. 
These unbalanced currents, after being suitably amplified, 
alter the positions of the moving coils and re-establish approx- 
imately equal illuminations on the phototubes. Total illumi- 
nation on both phototubes is a measure of web width. Tf 
the web increases in width, total illumination decreases, and 
the sum of the current outputs from the two amplifiers to 
the width-indicating instrument is decreased. A wider web 
is thus indicated. The reverse is true with a decrease in web 
width. 
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Fio. 32-18 Componentji< of a device for measuring the width of ji 
moving w'eb or strip of material such as tin plate or rubber. I‘>piipment 
functions to permit lateral shift of web. 


crisscrossing a room or spanning windows protect against 
intruders by sounding alarms, turning on lights, or taking 
pictures of the intnider. Outdoor installations have been 
made to protect storage yards or other restricted areas. 

Safety applications include photoelectric controls on ele- 
vator doors for passenger safety, in gas furnaces to close 
valves in case of pilot-flame failure, in plant traffic-control 
systems, on sewing machines operated by blind persons, and 
many others. 

Measurement 

Materials too wet or too weak for mechanical contact, or 
so hot that they cannot be approached, are easily checked for 
dimensions or weight with photoelectric measuring devices. 
In chemistry, variations in light transmitted through solu- 
tions or emitted by hot specimens yield information about 
chemical composition. Photoelectric densitometers have in- 
creased the speed of spectroscopic analyses tenfold and 
doubled the accuracy of conventional methods. JClectronic 
color-matching devices capable of detecting color variations 
imperceptible to the human eye are used in the textile and 
paper industries. 

Figure 32*18 shows the elements of a device for indicating 
the width of a traveling web of material such as paper, cJoth, 
or tin plate.® No mechanical contact is necessary, and the 
optical system is designed to permit lateral ‘‘weaving^’ of 
the web within practical limits without affecting the accuracy 
of measurement. Light received by phototube 1 from its 
source is proportional to the masking effect of one edge of the 
web. Likewise, light on phototube 2 is proportional to the 
masking effect of the other edge of the web. For a given web 
width the light on each phototube is held almost constant by 


Photoelectric instniments for indicating intensity of ultra- 
violet radiation have been available for several years; only 
recently has equipment been developed for measuring x-ray 
intensity. 

In the irradiation of milk, ultraviolet radiation is directed 
on a thin film of the liquid for a specified length of time. 
Milk flow and radiation intensity must be held in fixed rela- 
tion. For controlling the radiation, a meter which records 
ultraviolet intensity is used. The cinuiit of such a meter is 
shown in Fig. 10*8. The phototube is of the high-vacuum 
type, with maximum sensitivity in the ultraviolet. Radiation 
striking the phototube charges capacitor Ci until the voltage 
across it breaks dowm the cold-cathode gas tube between the 
control anode and the cathode. The arc within the tube 
then transfers to the anode and cathode, and capacitor C 2 is 
discharged through a recorder coil replacing the relay shown 
in Fig. 10*8. Each discharge actuates a stylus which places 
a small dot on a revolving chart. Since the circuit is self- 
resetting (Cl also discharges with the initial arc), the cycle 
repeats. Intensity of radiation is thus indicated by the fre- 
quency of marks on the chart. 

Several methods of measuring x-ray intensity are in use, 
including the deionization or cloud chamber and the Geiger 
counter. These methods have some disadvantages which 
have limited their scope, particularly in industrial applica- 
tions. Recently developed photoelectric equipment promises 
to overcome one of the chief difficulties — achieving speed of 
response. In some applications of x-rays, it is important to 
know the exact intensity of radiation during the exposure. 
This is essential to provide data for plotting intensity versus 
time when the time is short, or to permit making adjustments 
in intensity during exposure. Furthermore, an instniment 








638 


Indudrial Photoelectric CofUrol 


of extivmely short time lag may conceivably be used to deter- 
mine the length of exposure when exposure time is a fraction 
of a second. The photoelectric instrument described here 
possesses almost instantaneous response; that is, the time 
lag between exposure and indication of the intensity of the 
exposure is in microseconds. 

X-rays to be measured fall on a fluorescent screen, as 
sliown in Fig. 32 • 19. Some of the radiation is thus converted 
into longer wavelengths near or in the visible range to which 
the phototube will respond. Consequently, phototute cur- 
rent can be used as a meiisure of x-ray intensity. Generally a 
multiplier phototube, such as the type 931, is used for initial 
amplification of the feeble currents. The amplifier itself 
may be conventional, but to minimize pick-up the input 
circuit usually includes a cathode follower tube. Amplifier 
output may be applied directly to an oscilloscope or other 
indicating or control device. 


PHOTOMULTIPLIER 

TUBE 



FLOURESCENT SCREEN 


Fio. 32*19 Suggested arrangement of components for indication of 
x-ray intensity by photoelectric means. 
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suits. If the edge of the sheet moves, for example, outward 
from the page, phototube illumination decreases. Current 
in one of the generator fields decreases, and current in the 
other generator field increases. A voltage is thus applied to 
the armature of the d-c motor, and its rotation opens the 
hydraulic valve to produce an axial movement of the reel in 
the direction necessary to re-establish correct web position 
under the scanner. Initial movement of the web in the oppo- 
site direction reverses these reactions. The scanner moves 



Fig. 32*20 Diagrammatic* sketch of photoelectric edge control to pro- 
vide an evenly wound coil. 


The speed of response of this type of intensity indication 
opens new possibilities for such applications as high-speed 
inspection, and x-ray diffraction as well as x-ray emission 
and absorption of matter in chemical research. The high- 
energy level of x-rays suits them for chemical studies, and 
with a high-speed instrument for accurate intensity measure- 
ment these analyses can be made quickly and easily. 

Regulators 

A recent development is a photoelectric edge regulator for 
use on steel-mill trimming lines; it is applicable wherever the 
edge of a moving strip or web of material must be held in 
fixed relation to some part of the processing machine. Figure 
32*20 shows diagrammatically the essential components as 
applied to a trimming line. 

Steel strip is unwound from a roll, passed through a pair 
of speed-reference rolls, then through the trimmer, whence 
it is rewound on the reel. A scanner, which includes the 
phototube and a pre-amplifier, contains an aperture consist- 
ing of a slit approximately an inch long and Ke inch wide. 
Light from the source beneath the sheet excites the phototube 
in proportion to the position of the edge of the web in front 
of the aperture. 

Phototube current when the aperture is half masked by 
the web establishes, after amplification, the necessary bias 
voltages on the power tubes of the amplifier to give equal 
currents in the two fields of the generator. Since these two 
fields are differential with respect to each other, no voltage is 
produced by the generator, the motor driving the hydraulic 
valve is at standstill, and no axial correction of the reel re- 


with the reel, and the result is an evenly wound coil. Web 
position can be held within about inch, provided the rate 
of change of web position with no corrective forces applied 
is not too great. 

A device known as the side-register regulator performs a 
similar function, and can be used also to scan a printed line 
on a moving web of translucent material such as paper. A 
different scanning principle gives greater accuracy than the 
system just discussed. In the scanner shown in Fig. 32*21 a 
small metal disk containing four equally spaced lenses 
around its periphery is driven at 1800 revolutions per minute 
(on 60-cycle supply) by a small synchronous motor. The 
light source behind the disk projects a spot of light on the 
web, and the phototube receives diffused reflected light from 
this spot just as it crosses the line or edge of the web. Each 
time a spot passes over the edge or line, the phototube re- 
ceives an impulse caused by the sudden change in reflected 
illumination. There are 4 X 1800 or 7200 such impulses per 
minute. The same number of half cycles occur per minute 
on the a-c supply. 

These impulses are amplified and fed into a circuit con- 
taining two inversely connected thyratrons which function 
as half-wave rectifiers and supply the armature of a small 
d-c motor controlling the transverse position of the web. 
Since the thyratrons have alternating anode voltages of the 
same frequency as the synchronous-motor power supply, 
light impulse and phase angle of thyratron anode voltage have 
a fixed relation determined by web position. If the disk is 
properly positioned on the motor shaft, either thyratron 
may conduct current. Under these conditions essentially 
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an alternating voltage is applied to the d-c motor armature, 
and there is no correction. 

If the edge or line moves off the neutral position, the light 
impulse comes earlier or later in time phase relative to the 
thyratron anode voltage. Then only one of the thyratrons 
conducts current, and rectified alternating current is applied 
to the motor armature. The polarity of this voltage is such 
that the motor rotates in the direction necessary to correct 
for the displacement error of the web. Movement of the 
edge or line in the opposite direction causes the other 
thyratron to conduct, and motor rotation is reversed. For 



Fio. 32*21 Photoelectric scanner of a slitter or side-register regulator 
showing synchronous motor, rotating disk with four lenses, and photo- 
tube housing. 


register marks on printed wrapping material, and the elec- 
tronic equipment maintains paper feed into the packaging 
machine in correct relation to the cutting cycle. These 



Fia. 32*22 Web scanner used on multicolor press, showing light 
source, aperture, and photomultiplier tube all mounted in an explosion- 
resisting cabinet. 


devices insure a complete, accurately placed design on each 
package. 

Photoele(?tric regulators are maintaining loops in process 
lines of the steel, textile, and rubber industries (Fig. 32*23). 
Simple controls to maintain a loop of material within rather 


reasonable rate of change of web position without correction, 
position accuracy of ±^^64 i^^ch may be obtained. 

One of the most elaborate photoelectric systems for indus- 
trial use is the multicolor-press register regulator. A general 
discussion of the system has been given in Section 30*10. 

In each of the web scanners (Fig. 32 *22) a high-intensity 
light source illuminates the web at the point where the register 
marks pass. Lenses project an image of these marks on an 
aperture located in the optical path between the phototube 
and the Aveb. When a register mark is directly on the optical 
center line the image completely covers the aperture. The 
sudden appearance of a mark at this point thus causes an 
abrupt change in illumination on the phototube cathode and 
an electrical impulse having a steep wavefront is produced. 
An optical amplification of 7 or 8 to 1 is used. 

The register marks are about 0.01 inch wdde and 0.5 inch 
long, and the aperture has the same relative shape. It is 
evident that the long dimensions of the marks and the aper- 
ture must be exactly parallel to each other; if they are not 
parallel the steepness of the impulse voltage wavefront is 
greatly reduced. 

Register regulators of less complicated nature are used in 
the packaging industry. A photoelectric scanner observes 



Fia. 32*23 Tx)op between uncoiler on extreme right and 606-feet-per- 
minute shearing line on left. There are three phototubes below the in- 
verted lighting function to maintain the proper l(X>p length through the 
electronic control system containeil in the |>edestal-mounted cubicle 
mounted to the left. The operator inspects the upper side of the tin 
plate directly; the underside indirectly in the mirror. 

wide limits have been applied extensively. Regulators that 
give corrections proportional to deviations for more exacting 
requirements have been successfully applied. 
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Electrol 3 rtically deposited tin on steel plate has a suede or 
matte appearance, whereas a mirror-like surface results after 
the tin has been heated to its melting point. This change is 
used in a photoelectric regulator applied to high-frequency 
induction heating. After tin has been electrolytically de- 
posited on steel plate, the continuous strip passes through an 
induction-heating coil excited by a high-frequency oscillator. 
As the strip progresses through the coil, its temperature is 
raised until the tin melts. The melting zone within the coil 
is narrow, and its position is critical. If it is too near the 
e.vit end, melting is incomplete; if it is too far back in the 
coil, the temperature of the strip leaving the coil may bo 
sufficiently high to discolor or bum the plate. The photo- 
electric regulator maintains this melting zone within fixed 
limits. 

A phototube is arranged to obser\'e diffused reflected light 
from the strip at the point where the flow line occurs. If 
melting occurs earlier in the coil, the mirror surface is under 
the phototube, and illumination decreases. The control then 
functions to lower the voltage applied to the oscillator and 
decrease its power output. A longer time then is required 
to heat the tin to the retjuired temperature, and melting 


occurs later in the coil. If melting occurs near the leaving 
end of the coil, the matte surface is under the phototube, 
illumination level is high, and the control functions to raise 
the applied voltage to the oscillator and increase its output. 
This increases the temperature gradient along the coil and 
again brings the flow line within the dead zone of the regulat- 
ing equipment. 
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APPUCATIONS OF ULTRAVIOLET RADIATIONS 

H* C* Rentschlcr 


M any physical, chemical, and biological reactions are 
influenced by light and particularly by ultraviolet 
radiation. In Chapter 10 lamps for producing 
radiation in the different regions of the ultraviolet spectnim 
are described. These lamps make possible numerous com- 
mercial uses of radiation which were heretofore feasible only 
to a limited extent. Applications may be classified as photo- 
chemical reactions, bactericidal and fungicidal acitions, bio- 
logical effects, and excitation of fluorescence and phosphores- 
cence. 

33 1 PHOTOCHEMICAL REACTIONS 

Photochemical reactions are chemical changes brought 
about by radiant energy. One of the earliest of these reac- 
tions observed, about 1727, was the action of light on silver 
salts. This was the forerunner of photography. 

Conversion of oxygen into ozone is a fihotochcmical reac- 
tion which requires ultraviolet radiation shorter than 
about 2000 angstrom units. The near-ultraviolet band causes 
fading of colors in fabrics, and the radiation which produces 
the green color in plants is a maximum in the yellow portion 
of the spectrum. These examples show that different photo- 
chemical reactions are produced by different wave bands of 
radiation. 

Popular interest in photochemical reactions was stimu- 
lated by the discovery that vitamin D is produced in some 
food products exposed to ultraviolet radiation, and that the 
prevention and (;ure of rickets are brought about by the use 
of foods rich in vitamin D or by direct exposure of the body 
to middle-ultraviolet radiation. Utilization of sunlight in 
promoting the growth of plants is one of the most important 
and mysterious photochemical reactions known. 

Grotthus in 1817 concluded from his studies on the fading 
of alcoholic solutions of iron salts that chemical action is 
produced only by the absorbed radiation. All absorbed 
radiation does not cause photochemical changes. Some- 
times absorbed energy is converted into heat and produces 
no photochemical reaction. 

By an extensive study of the combination of hydrogen 
and chlorine under the action of light, Bunsen and Roscoe ^ 
proved experimentally that ‘^photochemical action is pro- 
portional to the product of the intensity of the radiation and 
the time during which it acts.’^ This is known as the Bunsen- 
Roscoe reciprocity law. 


Many photochemical reactions produced by ultraviolet 
radiation and a theoretical discussion of these actions based 
on quantum theory are beyond the scope of this chapter, 
and the reader must refer to treatises on photochemical 
reactions.^ 

33-2 BACTERICIDAL AND FUNGICIDAL ACTIONS 

The lethal action of sunlight on bacteria was demonstrated 
as early as 1877.* It has since been proven that spores 
as well as bacteria are destroyed by the sun^s radiation. 

In 1903 Barnard and Morgan ^ reported that bactericidal 
action is limited to wavelengths shorter than about 3000 
angstrom units. In 1929 Gates ^ showed that the lethal 
action on bacteria increases from 3000 angstrom units to a 
maximum at approximately 2660 angstrom units, then de- 
creases to a minimum at about 2370, and again rises for still 
shorter wavelengths. 

The susceptibility of bacteria, spores, and other micro- 
organisms to ultraviolet radiation under varying conditions 
has been widely investigated. 

In Chapter 10 a lamp that generates nearly all its radia- 
tion in the bactericidal region of the spectrum with prac- 
tically no heat or other radiations has been described. Such 
a lamp, together \vith a simple ultraviolet meter for measur- 
ing the effective bactericidal ultraviolet radiation, has made 
possible the accumulation of data for the successful com- 
mercial applications of ultraviolet as a gennicidal and fungi- 
cidal agent.^^'** A few of the more important facts thus 
established are: 

1. The Bunsen-Roscoe reciprocity law was verified over a 
range of intensities reciuiring from a few microseconds to 
many minutes for producing the same amount of radiation. 

2. For low-intensity long-time exposures (from several 
minutes to 40 hours at room temperature) the effective bac- 
tericidal action is increased because of the difference in sensi- 
tivity to ultraviolet of a bacterium as it passes through its 
life span. 

3. For weak exposures or intensities too low to produce 
lethal action, the rate at which bacteria develop is retarded 
by ultraviolet radiation. 

4. An individual bacterium requires the same amount of 
radiant energy for destruction whether it is floating in air 
or is on the surface of the agar in a Petri plate. 
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5. The effective bactericidal intensity from an ultraviolet 
lamp at a distance of 1 meter perpendicular to the axis of the 
lamp is the equivalent of about 2 microwatts of 2537-ang- 
strom radiation per square centimeter of surface for each 
watt consumed in the lamp. 

6. Table 33 • 1 shows the approximate ultraviolet radiation 
required for destroying various percentages of the more 
common micro-organisms. 


Table 33*1 


M icrc>-Orga nism 

Clicks on Standani Tantalum 
Cell Meter 

80-90% 

Kill 

90-95% 

Kill 

95-100% 

Kill 

Bacteria 




Streptococcus hemolyiicus (alpha 




type) 

15-18 

18- 22 

22- 25 

Streptococcus hemolyticus (beta type) 

15-23 

23- 28 

28- 35 

Streptococcus lactis 

25-30 

30- 35 

35- 40 

Staphylococcus aureus 

15-20 

20- 24 

24- 30 

Staphylococcus albus 

18-22 

22- 25 

25- 30 

Neisseria catarrhalis 

15-20 

20- 25 

25- 50 

Micrococcus piUonensis 

35-40 

40- 50 

50- 60 

Micrococcus sphaeroide^ 

50-60 

60- 65 

65- 75 

Sarcina lutea 

80-95 

95-110 

110-130 

Corynebacterium diphtheriae 

20-30 

30- 40 

40- 50 

Shigella flexneri 

15-20 

20- 25 

25- 30 

EbertheUa typhosa 

15^20 

20- 30 

30 35 

Pseudomonas fluorescens 

10-20 

20- 25 

25- 32 

Escherichia cali 

15-20 

20- 25 

25- 30 

Proteus vulgaris 

10-15 

15- 20 

20- 30 

Serratia marcescens 

15 20 

20- 25 

25- 30 

Phytomonas tumefaciens 

15-20 

20- 25 

25- 45 

Bacillus anthracis 

20-30 

30- 50 

50- 65 

Bacillus fusiformis 

10-15 

15- 20 

20- 40 

Bacillus subtilia 

25^35 

35- 45 

45- 55 

Bacillus subtilis spores 

40-50 

50- 65 

65-100 

Spirillum rubrum 

25-30 

30- 35 

35- 40 

Yeasts 




Saccharomyces eUipaoideus (wine 




yeast) 

20-30 

30- 40 

40- 60 

Saccharomyces ellipsoideus (wild 




yca.st from grapes) 

40-50 

50- 60 

60- 80 

Saccharomyces spp. (from orange 




juice) 

25-30 

30- 35 

35- 50 

Saccharomyces cerevisiae (molasses 




distillery y€?ast) 

2.5-35 

35- 40 

40- 60 

Brewers' yea.st 

12-15 

15- 20 

20- 30 

Bakers' yeast 

10-20 

20- 25 

2.5- 40 

Common y€*a.st cake 

20-30 

30- 40 

40- 60 

Molds 



100% Kill 

PeniciUium roqueforti 



1.50 

Penicillium expansum 



200 

PeniciUium digitatum 



500 

Aspergillus glaucus 



350 

Aspergillus flavus 



500 

AspergiUus niger 



1500 

Oospora lactis 



80 

Mucor racemosus 



180 

Rhizopus nigricans 



1500 


One click on Htandard meter » 220 microwatts X seconds per square 
centimeter. 


Commercial applications of bactericidal radiation fall into 
three main groups: (1) destruction of micro-organisms float- 
ing in air, to prevent cross infection and contamination from 
air-borne micro-organisms; (2) destniction of bacteria and 
spores on the surface of solids; and (3) destruction of micro- 
organisms suspended in liquids. 

Radiation for Destroying Air-Bome Organisms 

Air-bome bacteria may be destroyed by exposure of the 
air to direct radiation from an ultraviolet source. This 
procedure is used over operating tables in hospitals to 
prevent infections (see Fig. 33'1) and in laboratories during 



Fia. 33 •! Ultraviolet lamps over operating table at Duke Hospital 
Durham, N. C. 


the transfer of sterile bacteriological media. Personnel in 
the rooms must be protected against excessive exposure by 
goggles and face masks. 

A similar method is used extensively to pi'event the spread 
of epidemics of respiratory diseases with poultry and ani- 
mals, and also to protect perishable products against bac- 
terial and mold spoilage. 

By the use of semi-direct radiation the dangers from cross 
infection are minimized. Air in parts of a room not occupied 
is irradiated while the occupied space is shaded from the 
direct rays.'*^ This type of radiation is particularly suitable 
in hospital wards and nurseries. Air-bome bacteria floating 
from one section of the room to another pass through a cur- 
tain of radiation; thus the possibility of cross infection is 
reduced. Figure 33*2 illustrates such an installation. In 
occupied rooms it is safe to irradiate only the upper air to 
avoid overexposure of the occupants. Bacteria are de- 
stroyed as they float into the irradiated space.^® This method 
is suitable for offices, schools, or other places in which people 
congregate. 

When ultraviolet lamps are placed in the ducts of an air- 
conditioning system all the recirculated air is exposed to 
the radiation as it approaches and passes the lamps, and 
the chances of cross infection from one room to another on 
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the same recirculating system are lessened. Figure 33*3 
shows the arrangement of lamps for such an application. 

Surface Irradiation 

This application covers the destruction of bacteria and 
spores remaining on such surfaces as drinking glasses after 
they have been washed. The micro-organisms left in a thin 
film on the surface of glasses or those settling on them from 
the air are destroyed by direct exposure to ultraviolet. 


CORRIDOR 



Fig, 33*2 Ultraviolet lamp units for air disinfeertion showing distribu- 
tion of radiation with .shaded zones. 

Foods in refrigerators arc subject to spoilage by bacterial 
and mold growth, most of wliich takes place on the surface. 
Such spoilage is greatly retarded by the use of ultraviolet 
radiation, which at the same time produces a small but con- 
trolled amount of ozone whii^h destroys micro-organisms 
not directly exposed to the radiation. Objectionable odom 
are also materially reduced. 

In the new method of meat tenderization, beef can be ten- 
derized in a few days with the use of ultraviolet lamps. The 
process reduces surface spoilage by bacteria and mold and 
permits the aging of the beef in 36 to 48 hours at a tempera- 
ture of 60 to 70 degrees Fahrenheit instead of the usual 
several weeks at a much lower temperature. The rate of 
tenderization is a function of temperature. By use of ultra- 
violet radiation the aging progresses more rapidly, and 
trimming losses are negligible. 

Irradiation of Liquids 

To destroy bacteria in a liquid the liquid must be trans- 
parent to ultraviolet radiation and must be subjected to a 


sufficiently high intensity for destniction of the organisms 
during the exposure. This method has been used for purify- 
ing water in swimming pools. 

33-3 BIOLOGICAL EFFECTS 

The beneficial and curative effects of ultraviolet irradia- 
tion have been demonstrated in cases of rickets and extra- 
pulmonary tuberculosis. The healing of infected wounds is 
generally accelerated by ultraviolet radiation. 

Mild exposures to special ultraviolet lamps such as sun 
lamps produce the same effect as sunlight bathing, but 
therapeutic irradiation of the body should be carried out 
under the supervision of a physician. 


TOP VIEW 



/spec i a l SOCKET 

Fig. 33*3 Schematic arrangement of ultraviolet lamps in duct of an 
air-conditioning system. 

Excessive exposure to ultraviolet radiation causes con- 
junctivitis and serious sunburn. The eyes always should be 
protected against direct exposure. Ordinary glasses arc 
effective only against the radiation absorbed by the lenses, 
and additional protection is neccssaiy to prevent radiation 
from reaching the eyes outside the glass rims. Moderate 
exposure to the middle-ultraviolet band of radiation pro- 
duces tanning similar to that obtained from sunlight. 

33-4 EXCITATION OF FLUORESCENCE AND 
PHOSPHORESCENCE 

Many substances absorb radiant energy and transform a 
part of it into radiation of a different wavelength. The 
phenomenon is called fluorescence if emitted radiation lasts 
only while the exciting energy is applied, and phosphores- 
cence when the emitted light continues for a time after the 
stimulus is removed. The wave band which stimulates 
fluorescence or phosphorescence and the color of the fluores- 
cent or phosphorescent radiation depend upon the substance 
absorbing and transforming the radiation. Willemite, a 
zinc silicate, fluoresces to short ultraviolet radiation. Some 
specimens show phosphorescence with a brilliant green color. 




644 Applications of Ultraviolet Radiations Chapter 33 


Calcium tungstate crystals, similarly exposed, fluoresce 
blue. Zinc sulphide must be exposed to the near ultraviolet 
to CAUSC efficient fluorescence. 

The two most important uses of fluorescence and phos- 
phorescence produ(;ed by ultraviolet radiation are in the 
commercial production of light, such as fluorescent lamps, 
and in the identification of materials and adulterants. 

Fluorescent Lamps 

In Chapter 10 an ultraviolet generator which produces 
ultraviolet mainly in the 2537-angstrom radiation band of 
mercury is described. If such a lamp is coated on the inside 
with a thin layer of zinc silicate, the ultraviolet radiation is 
transformed into a wide band in the green part of the spec- 
tnim. If this lamp is operated under optimum conditions a 
quantum of 2537-angstrom radiation is transformed into a 
quantum of radiation in the green region, and a practical 
transformation into light of nearly 50 percent of the gen- 
erated radiation is produced. For the production of white 
light a blended mixture of fluorescent powders is used. 
Fluorescent powders most commonly used in commercial 
lamps are mixtures of zinc-beryllium sili(;ate and magnesium 
tungstate. 

In the manufacture of fluorescent lamps the glass tulje 
generally is flushed with a nitrocellulose solution (‘ontaining 
the phosphor in suspension. The tube is drained and dried 
at a low temperature and finally heated in air to remove the 
binder. Electrodes are sealed into the ends of the coated 
tube, which is then exhausted. Next, the electrodes are heat- 
treated, inert gas and mercury are introduced, and the lamp 
is sealed off and seasoned. 

Identification of Materials and Adulterants 

In the use of ultraviolet for identification purposes a filter 
which absorbs nearly all the visible light but transmits the 
ultraviolet is generally used over the ultraviolet light so that 
the specimen is not visible except for the portion which 
fluoresces. Materials are identified by their characteristic 
fluorescent colors. For example, an ore containing willemite 
(zinc silicate) fluoresces bright green. Mineral oils fluoresce 
and are readily distinguished from vegetable oils which do 
not fluoresce. This method of determining the presence or 
absence of certain substances is so universally applicable 


that its possibilities are innumerable. For details the reader 
is referred to a standard treatise on the subject. 
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RADAR: FUNDAMENTALS AND APPUCATIONS 


Hugh Odishaw 


T he principle of radar is the reflection of electromag- 
netic energy from an object in its path. The analogous 
behavior of sound and light waves a-ffords a somewhat 
more familiar illustration of the phenomenon. Microwaves, 
radiations of wavelengths ranging from a few millimeters to 
several centimeters, behave much like light waves. Seeing 
depends upon reflection of light from the object to the eye. 
Detection of distant objects by radar likewise depends upon 
reflection of high-frequency radio energy. 

This principle is useful because electromagnetic waves are 
propagated at a constant velocity of about 3 X 10^ meters 
per second. Ileflection of energy usually indicates the pres- 
ence of a target within range of the system; and, because the 
vclo(dty is constant, the target range can be measured by 
the lapse of time between transmission of a signal and recep- 
tion of its reflection. Finally, electromagnetic waves travel 
in straight lines like light rays; therefore, the elevation and 
bearing of the target can be measured, l)ecause the angular 
position of the radar antemia with respect to some reference 
plane coincides with the angular position of the target. 
(Rotation and tilting of antennas is incidental, because the 
ratio of these velocities to the velocity of light may be con- 
sidered to be zero.) 

Although electromagnetic waves travel essentially in 
straight lines, shorter waves are preferable to longer ones 
for several reasons. Shorter waves can be more c.onveniently 
beamed. Beaming is a prerequisite for precise determina- 
tion of bearing and elevation. Waves at broadcast fre- 
quencies would require a row of towering antennas stretched 
for miles for appreciable directional effects, but microwaves 
can be beamed with small, light reflectors. For this reason 
the trend has been more and more toward microwaves, and 
within this region toward wavelengths of a few centimeters. 
Another reason for using rather short waves is that they are 
less influenced by ground effects that account for the appar- 
ent curvature of commercial broadcast waves. This straight- 
lino characteristic of the shorter waves is invaluable in ob- 
taining accurate bearing and elevation data. Still another 
reason for preferring shorter waves is that for satisfactory 
reflection the ratio of wavelength to target dimensions should 
be small. Detection of planes, for example, requires rela- 
tively short waves for optimum reflection. 

34.1 SIGNAL DIFFERENTIATION 

One of the first problems in radar systems is the method of 
differentiating between the transmitted signal and the re- 


flected signal. The same antenna is used for both trans- 
mission and reception because the synchronizing of two 
antennas is difficult; moreover, the receiving antenna would 
almost inevitably pick up some of the transmitted signal 
and, because the reflected signal is generally very weak, the 
problem of differentiation would remain. There are three 
methods of signal differentiation : continuous wave, fre- 
quency modulation, and pulse modulation. 

In the continuous-wave system an unmodulated signal is 
transmitted continuously. If the target is in motion, the 
reflected energy undergoes a frequency shift (the Doppler 
effect), and this shift indicates the speed of the target rela- 
tive to the detecting equipment. Stationary objects have 
no effect on the frequency of the signal, and the continuous- 
wave system is thus limited to detection of moving targets. 

The frequency-modulation system is effective against 
stationary targets. The frequency of continuously trans- 
mitted energy is varied rapidly over a broad range of fre- 
quencies. In general, the reflected signal has a frequency 
different from that of the transmitted signal, and the fre- 
quency difference depends upon the travel time of the energy 
to and from the target. The two frequencies are combined 
in the receiver, and the beat frequency is detected. This 
frequency is a measure of travel time and hence of range. If 
the target or the detector is in motion, however, the Doppler 
effect introduces a frequency shift indistinguishable from 
the one depending upon the travel time of the signal, and 
the system is ineffective without compensating circuits. 

In the third system, pulse modulation, the problem of 
single differentiation is avoided by having only one signal, 
either the transmitted or the reflected, at any moment. 
Short pulses of energy, from a fraction of a microsecond to 
several microseconds in duration, are radiated; they are 
followed by longer intervals of quiescence, usually from a 
few hundred to a few thousand microseconds in duration, 
during which reflections are received. If the range of the 
target is such that reflections return during a given period of 
transmission or multiples of it, differentiation usually is im- 
possible, but these contingencies are not important. 

34-2 PULSE-MODULATED MICROWAVE RADAR 

A typical pulsed detection system may be divided into 
five major components: (1) control center, (2) transmitter, 
(3) radiator, (4) receiver, and (5) indicators. The control 
center establishes a pulse which initiates the transmission 
cycle and synchronizes the indicator sweeps. In response 
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to this synchronizing pulse, the magnetron of the transmitter 
pulses, and a powerful, short burst of energy is fed to the 
radiator and is radiated into space. Reflected signals are 
intercepted by the antenna, detected and amplified in the 
receiver, and fed to the indicators where they appear visu- 
ally. The function of a detection system is to obtain con- 
tinuously one or more co-ordinates of a target with respect 
to the detector. Range is determined by time measurement; 
elevation and bearing by synchro-tie systems linked to the 
rotating radiator and to elements controlling the deflection 
circuits of the indicators. 

The sequence of events in a representative microwave 
detection system is more complex than this. Figure 34*1 
shows details of the components of such a system. 
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respect to the grounded anode. The magnetron (Figs. 34*2 
and 34-3), consisting essentially of a cathode and a massive 
copper anode in a multiple resonant cavity lying in the field 
of a strong permanent magnet, emits a pulse of high power 
at high frequency during this microsecond. 

Since the same antenna is used for both transmission and 
reception, the problem of signal diversion to the receiver 
during transmission arises. Branching of the transmitted 
energy is undesirable because of the resultant decrease in 
signal output (and hence in maximum range) and because 
of the saturation or destniction of the sensitive receiver. 
High receiver sensitivity is necessary because reflected sig- 
nals are generally weak, as low in power as, say, watt. 
If an appreciable portion of the powerful transmitted signal 


Radar: Fundamentals and Applications 



The synchronizer unit has three functions. It creates a 
pulse that triggers the driver of the transmitter. The leading 
edge of this pulse establishes the timing of transmission and 
must be sharp and accurate. The pulse rises rapidly, then 
decays exponentially. At the same time, the synchronizer 
triggers the indicator circuits that control the indicator 
sweeps. Finally, the synchronizer creates the gate pulse 
which sensitizes the receiver. The purpose of the gate 
pulse is to energize the receiver throughout any portion of 
the cycle during which reflected signals return. Thus a 
particular range portion may \ye chosen for reception, exclud- 
ing others. The width of this pulse is variable, and its posi- 
tion can be shifted from the minimum to the maximum range 
positions. 

The synchronizing pulse from the control center triggers 
the driver, the output of which is a rectangular pulse of 
1000 to 5000 watts. (All quantities given in this chapter are 
merely representative, and are used solely for illustrative 
purposes.) This pulse, in turn, initiates the modulator pulse, 
a rectangular pulse of high power (100,000 to 500,000 watts), 
lasting for a microsecond (a typical period). The modulator 
or keyer pulse is impressed between the anode and cathode 
of the magnetron, which is the high-fr6quency oscillator,* 
with such a phase difference that the cathode is negative with 


is permitted to enter the receiver, it may be burned out or 
saturated so that reflected signals cannot be detected. Con- 
versely, a common antenna path can cause dissipation of 
reflected energy in the transmitter. For both these reasons, 
a method of opening and closing the paths to the receiver and 
transmitter is imperative. 

The set of components designed for this function is know n 
as the diiplexer. It consists of two TR (transmit-rcceive) 
tubes, one for blocking the path to the receiver during trans- 
mission, the other for blocking the path to the transmitter 
during reception. The TR tube (Fig. 34-4) consists of a 
gas-filled copper cavity that resonates at the signal frequency, 
a pair of spark-gap electrodes, and a keep-alive electrode. 
The keep-alive electrode maintains a sufficient number of 
ions in the gas (a combination of hydrogen and water vapor) 
so that the gas ionizes completely and rapidly when the 
magnetron signal reaches the spark-gap electrodes. At this 
instant, free electrons in the gap between the two electrodes 
oscillate violently, and the electron density is so high that it 
produces a short-circuiting effect. 

The tube intended to protect the receiver is called the TR 
tube; the tube preventing diversion of reflected energy to 
the transmitter is called the anti-TR tube. The TR tube 
fires almost instantly when the magnetron signal reaches 
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the TR junction, short-circuiting the receiver from the Angular width of the beam is fixed by the degree of dis- 
antenna circuit. Most of the energy reaches the antenna, crimination and accuracy required of a given system. Once 
but a small part, representing the voltage the electrodes can $ has been decided, X and d may be chosen. Obviously, a 
withstand before firing, reaches the receiver, finally appear- variety of values provides the same ratio. Their choice do- 
ing on type A indicators as a z^^ro-reference point. pends upon numerous fac.tors. The size of the target affects 

The anti-TR tube is similar to the TR tube, but is backed wavelength, which must be small in comparison with the 
by a short-circuiting plate. In conjunction with the asso- dimensions of the targets; but attenuation at high frequencies 
ciated wave-guide system it presents a very high impedance tends to favor longer wavelengths for long-range systems, 
to energy traveling toward the transmitter. Nor can radiator size be chosen independently. Large radia- 

Energy reaching the radiator must be beamed if target tors arc suitable for permanent or semi-permanent ground 
bearing and elevation are to be obtained; the sharper the 



beam, the more precise tliis information and the higher the 
discrimination between adjacent targets. A common radia- 
tor consists of a dipole antenna (although wave-guide horns 
can be used) and a parabolic reflector. I'^norgy radiating 
back into the reflector is beamed. A reflecting shield in 
front of the dipole or another reflecting dipole directs the 
forward energy back to the reflector so that most of the energy 
is effectively beamed. 

Beam width depends upon wavelength of energy and 
diameter of reflector. Angular width of the beam is equal 
to the ratio of : 

0 = - (34-1) 

d 

or, in terms of radiator area, assuming circular aperture: 



\/ TT 


where B =* beam width in radians 
X wavelength in meters 
d = radiator diameter in meters 
A = radiator area in square meters. 


Fia, 34*3 Three-centimeter magnetron. 

installations; small ones are necessary on airplanes and light 
sea craft; intermediate sizes are practical on large ships. 

Usually the radiator of a detection system is rotated and 
tilted continuously, thus scanning a large volume of space 
surrounding the system. Bearing and elevation information 
depends upon co-ordinating radiator motion with indicator 
sweeps, usually by synchro-tie systems. One motor is acti- 
vated by the rotary motion, another by tilting. Correspond- 
ing units rotate the magnetic-deflection coils or vary poten- 
tiometers of the indicators, establishing target position on 
the indicatoi*s. Target position at the instant of detection 
coincides with the angular position of the radiator. 

The reflected signal enters the radiator and passes to the 
receiver. Attenuation is low tecause the anti-TR tube 
blocks the path to the transmitter. However, the signal 
usually is weak, requiring extensive amplification, and is 
high in frequency, requiring detection. Above 3 centimeters, 
tube detection is precluded because the transit time of elec- 
trons is of the order of the period of the high-frequency 
energy. The semi-conductor probe rectifier (Figs. 34 • 5 and 
34-6) utilized for this purpose consists essentially of a ‘‘syn- 
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thetic'' crystal, a wire probe, and a containing porcelain 
cartridge. The crystal is silicon alloyed with small amounts 
of aluminum, boron, and beryllium. One surface of the 



of about the same frequency from the local oscillator (usu- 
ally a klystron such as that shown in Fig. 34 • 8) are impressed 
on the crystal. For small current and voltage, the rectifjing 
action of the crystal is expressed approximately by the 
equation 

I = aV + bV^ (34-3) 

where I is output current in amperes, V is total voltage, and 
a and b arc constants depending upon the physical qualities 




(I) PROBE END PIECE 
C2) CONTAINING CARTRIDGE 


(3) PROBE 

(4) CRYSTAL ASSEMBLY 


Fio. 34-4 TR tube. 

crystal is nickel-plated to permit soldering; the other surface 
is ground and etched and is the working face of the crystal. 
The probe is a fine tungsten wire (a diameter of 0.005 inch 


(5) ADJUSTING SCREWS 

Fig. 34-6 Cross section drawing of the semi-conductor probe rectifier. 

of the crystal. If Vr cos o)rt is the reflected signal voltage 
and Vk cos o>kt is the klystron voltage, the total voltage is 
the sum of these, and 

b o o . 

/ = - (V/ + Vk^) + aVr cos 0)rt + - i COS 2wr< 

2 2 

bVic^ 

+ aVk cos Oikt H cos 2o)kt + bVrVk cos (o>k + Wr)^ 

+ bVrVk cos (wr ^ (34*4) 

Only the last component is desired. The first is a d-c com- 
ponent; the following five are components at the reflected 
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Fig. 34-5 Semi-conductor probe rectifier. 


Fig. 34*7 Static characteristic curve for the semi-conductor probe 

rectifier. 


is common) tinned with an alloy of gold, platinum, and and klystron-signal frequencies, at twice these frequencies, 
silver so that it can be soldered to the end piece. and at the sum of these frequencies. These components are 

Rectification depends upon the non-liif^r characteristics by-passed to ground. The component representing a fre- 
of the crystal (Fig. 34*7). The reflected signal and a signal quency e^ual to the difference in the two frequencies is at an 
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intermediate frequency. Thus, if the reflected-signal fre- 
quency is 20,000 megacycles and the klystron frequency is 
19,970 megacycles, the intermediate frequency is 30 mega- 
cycles. 

Because the intermediate-frequency video amplifiers arc 
tuned, the intermediate-frequency output of the mixer 
must be relatively stable. Stability of the intermediate- 
frequency signal depends upon stability of the transmitting 
magnetron and of the local oscillator. The magnetron fre- 
quency, in particular, is sensitive to changing impedance of 
the wave guide, antenna, and space complex. In addition, 
tuning the klystron is difficult, and once tuned its frequency 
inevitably shifts. Klystron frequency is sensitive also to 
voltage changes. Klystron voltage can be controlled by 



Fig. 34*8 Reflex klystron. 


feeding a small portion of its output to a mixer to secure an 
intermediate frequency signal and to a discriminator for a 
Addeo signal. This signal is, in turn, used to control a thyra- 
tron which provides klystron control voltage. Drift of 
klystron fre(|ucncy thus results in an automatic voltage cor- 
rection tending to maintain the desired frequency. A simpler 
method is to use a standard-frequency cavity to control 
klystron frequency by providing correcting voltages. A 
small amount of the klystron output is fed to the resonant 
cavity; deviations from the intermediate frequency result 
in voltages which correct drift. 

The intermediate-freciuency signal proceeds through a 
series of amplifications. Because signal-to-noise ratio is 
critical, two stages of intermediate frequency amplification 
follow mixing, and these stages are closely coupled to the 
mixer. The signal then is conveyed to the receiver proper, 
in the console of the detection system, where it under- 
goes from five to seven additional stages of intermediate- 
frequency amplification. The signal frequency is lowered 
again, this time to a video frequency suitable for the indica- 
tors, by means of a simple diode detector. A few additional 
stages of amplification at the video level prepare the signal 
for visual presentation on the indicators. 

Both intermediate-frequency and video amplifiers are 
tuned to the proper frequencies. For high discrimination 
the output signal must have sharp edges; therefore the inter- 
mediate-frequency and video amplifiers must be capable of 
passing certain frequency bands. Thus, if the magnetron 
pulse (which contains a band of frequencies) has a duration 


of 1.0 microsecond, the lowest frequency in the band iftspo 
kilocycles. For acceptaljlc signal form, the amplifiers rajpat 
be ai)le to pass the thirrl and fifth harmonics of this weA 
quency, or 1.6 and 2.5 megacycles. This reejuirement mefi^\ 
that the intermediate-frc( quency amplifier must be able to ' 
pass the upper and lower sidebands (from 3 to 5 megacycles 
wide), and the video stages must pass a band from 1.5 to. 
2.6 megacycles. 

The transmitted signal is attenuated in proportion to the 
square of the distance from the transmitter, and the reflected 
signal is similarly attenuated as it travels away from the 
target, so the signal jstrength is variable. Targets near the 
detection system have powerful ech(»es; those far away, weak 
ones. Obviously the output of the receiver varies inversely 
as the fourth power of time for signals along any given line 
radiating from the system. To compensate for this undesir- 
able variation, receiver gain must increase as the fourth 
power of time. One method of approximate compensation 
increases screen voltage to the third and fourth intermediate 
frequency amplification stages exponentially by means of 
cathode followers, varying the transconductance of those 
stages so that receiver output is uniform. 

The receiver output is fed to the indicator, which consists 
of one or more cathode-ray tubes and the associated circuits 
forming, controlling, and modulating the electron beams. 
Magnetically deflected tubes arc generally preferred, par- 
ticularly for intensity modulation. They are shorter, do not 
need high deflection voltages, provide satisfactory focusing 
over the whole tube face even at high currents, and are more 
rugged mechanically than tubes with electrostatic deflection. 
The face of an indicator is constnicted as flat as possible to 
increase the useful area and reduce parallax when scales are 
mounted on the tube faces. 

34-3 INDICATORS 

Indicators present visually the reflected signals so that 
the threes target co-ordinates, range, bearing, and elevation, 
can be readily and continuously comprehended by t he opera- 
tor. Three co-ordinates are not usually presented on a single 
indicator; it is simpler to present range and lx?aring on one 
indicator, l>earing and elevation on another, although the 
so-called Cl and H types of indicators present all three. In 
the type G indicator the tube is calibrated vertically in ele- 
vation and horizontally in bearing; the reflected signal 
appears as a bright spot; range is determined by 'Svings^^ 
extending from the spot; and the length of the wings is an 
inverse measure of range. In H indication, range appears 
vertically, bearing horizontally. Echex^s appear as bright 
spots; elevation is approximated by the slope of short lines 
from the echo spots. The more common indicators are the A 
for range measurement; B for range and bearing; C for eleva- 
tion and bearing; and PPI (plan position indicator) for range 
and bearing in a map-like fashion (Fig. 34-9). They may be 
classified as deflection or intensity-modulation indicators. 

In deflection types the reflected signal deflects the cathode- 
ray beam. The most familiar of this group is the type A 
indicator, in which range is presented horizontally, signal 
intensity vertically. Sweep is triggered by a pulse from the 
synchronizing unit of the control center, the timing of which 
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coincides with the pulse which triggers the magnetron. The 
electron beam sweeps with constant intensity across the 
face of the tube in a straight line corresponding to the trans- 
mitted pulse cycle. If, for example, the pulse-repetition 
interval is 1000 microseconds, the trace represents 1000 
microseconds. A small portion of the transmitted signal 
reaches the A scope, deflects the beam upward, and marks 
the zero-reference point. Reflected signals appear some- 
where along the trace, deflecting the beam in the shape of an 
inverted V, called a ‘‘pip.^’ 

The A scope is calibrated in units of length, usually in 
miles. Calibration utilizes two facts: the known velocity of 
propagation (3 X 10® meters per second) and the round- 
trip path of the energy. Thus, if 100 microseconds elapse 
between the transmission of a signal and the reception of 
the echo, a total distance of 30,000 meters or 98,358 feet has 
been traversed, and the range to the target is 15,000 meters 
or 49,179 feet. Scales representing range on all indicators 
are calibrated directly in terms of straight-line target range. 
The A scope is widely used for tuning and adjusting the 
system because it shows the wave form of the signal and its 
intensity, ^'ype A scopes are also used for accurate range 
measurement in systems employing other indications, or 
alone in systems supplying only range data. 

A modified form of the A scope uses a circular sweep. One 
of the advantages of this modification is that flyback time 
causes no difficulty. In the ordinary A scope the electron 
l^eam must revert quickly from the end of the trace to its 
original position in time for the next cycle. In the circular 
A scope, the end of one sweep coincides with the beginning 
of the next. Still another advantage is greater precision 
because, for a given tube size, the trace can be about 3 times 
as long, and thus permit better scale calibration and easier 
interpretation. 

Indicators of types B, C, and PPI use intensity-modula- 
tion, which is necessary if two or more co-ordinates are to 
be shown on a single scope. The electron beam sweeps across 
the face of the indicator tube in accordance with the co- 
ordinate data. Intensity of the beam is such that, in the 
absence of reflected signals, the tube is largely dark. Re- 
flected signals are imposed on the tube so that beam intensity 
increases markcklly, and a bright spot appears on the screen, 
which is coated with phosphors of long persistence. 

Type C is the simplest of the intensity-modulated indica- 
tors. Information from the synchro-tie systems, which are 
linked to the moving radiator, is fed to the scope in such a 
manner that the electron beam moves horizontally to pre- 
sent bearing and vertically to present elevation. Target 
signals increase the intensity of the beam at points corre- 
sponding to their angular position in space with respect to 
the detection system, and a bright spot appears on the screen. 
Scale factors are generally linear. The length of the cycle 
of radiator motion in contrast to the relative shortness of 
the pulse cycle, however, results in a short scan line per 
pulse cycle. All noise is concentrated on the screen in this 
interval, and the signal-to-noise ratio is poor. Blanking 
circuits can be used to cut out all portions of the pulse cycle 
except that containing the reflected signal, but this requires 
a knowledge of the target range. Type C is thus generally 


limited to use with range indicators having good signal-to- 
noise ratios. 

Type B is an intensity-modulated indicator in which the 
electron beam moves horizontally to present bearing, verti- 
cally to present range. Rectilinear relation of the co-ordi- 
nates results in a distorted map of the scanned region, because 
lines of equal bearing intervals are parallel vertical lines on 
the screen. 

Next to the type A, the most widely used indicator is the 
PPI. Like type B, PPI is intensity-modulated and presents 
range and bearing. In PPI, however, the trace is swept 
from the center of the tube to the rim, each trace correspond- 
ing to the pulse cycle. Range is thus measured along radial 
lines. Rotation of the radiator drives the sweep through 
360 degrees, instead of a maximum of about 180 degrees in 
type B. The 3()0-degree coverage of PPI and the undistorted 
(with horizontal scanning; other scanning introduces slant- 
range distortion) map-like presentation combine to make the 
PPI highly desirable, although type B gives greater range 
precision and angular resolution at short ranges. It is gen- 
erally used with a type A scope, if accurate range measure- 
ments are necessary. 

The map-like presentation of types B and PPI ensues from 
different reflectivities of different materials and varied angles 
of incidence. Water reflects comparatively little; ground, a 
fair amount; built-up areas and such targets as planes or 
ships, a good deal. Water thus appears dark or black on the 
screen; ground shows up fairly bright; built-up areas and 
metallic targets are bright. 

Indicators are supervised by the control center, which con- 
tains the indicator circuits and the power supply. If the 
synchronizing unit of the control center triggers the modula- 
tor, a pulse is sent also to the indicator circuits, initiating the 
indicator sweeps. Indicator circuits include components for 
generating and amplifying the range sweeps, generating 
blanking pulses, electronic range markers and intensifier 
pulses, and for switching ranges. Electronic range markers 
appear in B as single markers and in PPI as a set of bright 
circles. Range switching is desirable if targets are clase to 
the detection system, or if precise target information within 
a particular range bracket is needed. Under such condi- 
tions, the desired portion of the pulse cycle is expanded over 
the whole face of the indicator tube, other portions being 
blanked out. 

34-4 TIME RELATIONS 

. Time relations of events in the representative detection 
system depend upon the synchronizing unit in the control 
center. Let it be assumed that the system transmits a 1.0- 
microsecond pulse and that the quiescent interval during 
which reflections return is 999 microseconds, making a pulse 
repetition interval of 1000 microseconds. The synchronizer 
delivers a sharp-edged pulse to the driver in the transmitter; 
the driver triggers the modulator with a low-power rectangu- 
lar pulse; the modulator impresses a high-power rectangular 
pulse between the plate and the cathode of the magnetron; 
the magnetron oscillates at the designed frequency; and the 
pulse travels through the wave-guide system and is radiated 
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by the reflector. There is virtually no time lag between 
responses of these various pulses, and all the pulses last for 
1.0 microsecond. 

In the meantime, the synchronizer delivers a triggering 
pulse to the indicator circuits to initiate the indicator sweeps. 
Simultaneously, the synchro-tie system rotates the magnetic 
deflection yokes controlling the angular position of the elec- 
tron beam in the indicators in accordance with the motion 
of the radiator. 

Type A indicators experience a deflection coinciding uith 
the transmission of the magnetron pulse; this pip serves as 
the zero-range reference. Reflected signals return to the 
system some time during the quiescent interval. A gate 
pulse emanating from the synchronizer sensitizes the receiver 
for the reception of the echo. Deflection or intensity-modu- 
lated circuit-s impress the reflected signal on the indicators. 

34-6 SCANNING METHODS 

Effective search for a target requires that the space sur- 
rounding the detection system be scanned by the radiated 
beam. The method of scanning depends upon the function 



of the system. Groimd and sea systems for detection of 
aircraft require rotation and tilting; systems for detection of 
surface craft need only horizontal rotation; aircraft searching 
for fixed surface targets require horizontal rotation at a 
fixed angle of tilt; aircraft searching f^ other planes require 
a forward beam rotated and tilted through rather small angles. 


The principal methods of scanning are the helical and the 
spiral (Fig. 34-10). In the helical method the radiator is 
rotated constantly (about a vertical shaft) in the horizontal 
plane. On successive rotations, the radiator is tilted slightly. 
In this fashion a large volume of space is scanned continu- 
ously. A full 300 degrees of bearing is scanned, and the 
elevation angle depends upon the requirements of the system. 
In some ground systems the maximum angle above the 
horizontal is 60 degrees. Circular scanning is a special case 
of helical scanning, with a constant angle of tilts. Surface 
scanning at sea is circular scanning in which the angle of tilt 
is kept constant at about the horizontal level. 

In spiral scanning the radiator is rotated rapidly about a 
horizontal axis by a spinning shaft. At the same time, the 
radiator is gradually tilted. The combination of motions 
causes the beam to sweep in a spiral. A special form of spiral 
scanning is conical scanning, in which the angle of tilt is 
fixed. 

34-6 PULSE, POWER, AND RANGE 
Pulse 

In the design of a pulse-detection system the transmitted- 
pulse specification depends upon many interrelated factors 
such as wavelength, power limitations of magnetrons, and 
the design of sharp and short control pulses. Minimum and 
maximum range requirements suggest the value of the pulse 
and the length of the quiescent period. If, for example, it is 
tactically desirable to detect targets down to 150 meters, the 
pulse duration cannot exceed 1.0 microsecond, because the 
velocity of the energy is 300 meters per microsecond and the 
signal must travel 3(K) meters to and from the target. 
Similarly, if a maximum range of 75,000 meters is necessary, 
the time from the leading edge of one pulse to the leading 
edge of the next must be at least 500 microseconds. Pulse 
duration also affects discrimination. It has already been 
pointed out that the width of the beam determines angular 
discrimination. Thus, a beam 0 degrees in width covers a 
length of 104.82 meters at a range of 1000 meters. Targets 
separated by less than this distance merge into a single 
object, and for better angular discrimination a narrower 
beam width must be used. 

Pulse width determines radial discrimination. If the 
pulse lasts 1.0 microsecond, for example, and two targets 
are separated by 150 meters, the energy reflected from the 
leading edge of the pulse striking the farther target returns 
to a position corresponding to the nearer one as the trailing 
edge of the pulse reaches the nearer one. As reflection ceases 
from the nearer target, it begins from the farther one, and 
the two targets are blurred into one. For better radial dis- 
crimination, then, shorter pulses are desirable. 

Maximum range, however, depends upon total energy 
radiated. With given magnetrons a longer pulse means 
greater energy radiation and greater range. 

The pulse is ordinarily described in terms of width w 
(Fig. 34-11) and repetition frequency /r. Pulse-repetition 
interval has already been defined as the period between the 
leading edge of one pulse and that of the next; in other 
words, the repetition interval i is the sum of pulse width w 
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and the quiescent interval (during which the transmitter is 

quiescent) q: . 

I = w + q (34 • 5) 


Repetition frequency fr obviously is the number of such 
repetition intervals or cycles per second and is equal to the 
reciprocal of the repetition interval: 

/r = T (34-6) 

I 


Ratio of pulse width to repetition interval is the ratio of 
time during which the transmitter is on to the time it is 
silent. It is known as the duty cycle c: 


c 



(34.7) 


A point source radiating 100 kilowatts thus would produce a 
power density of 8 X 10““^ watt per square meter at a dis- 
tance of 1000 meters. 

With a dipole and reflector, however, the uniform spherical 
distribution of a point source is concentrated within a beam. 
The concentration is called the gain of the radiator, and 
results from the characteristics of the dipole and the reflector. 
A dipole has a gain of % in the direction of maximum radia- 
tion; a paraboloid has a gain of SvA/3\^, where A is aperture 
area of the paraboloid in square meters and X is wavelength 
in meters. Total radiator gain G is the product of these 
factors: 

3 St A 

G = ^ 

2 3X2 


The duty cycle is significant because it determines average 
transmitter power. Average power (Fig. 34-11) of rectangu- 
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Fig. 34-11 Amplitude versus time of transmitted signal. 


lar pulses, it is evident, equals the product of maximum 
power and pulse width divided by pulse-repetition interval: 


Pave 



(34.8) 


Pave = PmaxC (34-9) 

Sometimes average power is expressed in terms of repetition 
frequency and pmlse width. Using equations 34-6, 34-7, 
and 34 -9, 

Pave = wJrPm^ix (34-10) 


Thus, if a system has a pulse w idth of 1 .0 microsecond and 
a repetition interval of 1000 microseconds, the repetition fre- 
quency is O.OOl cycle per microsecond or 1000 cycles per 
second; the duty cycle is O.OOl microsecond. If the magne- 
tron has a peak output of 100 kilowatts, average power is 
100 watts. 


Power 

The relation of power to range involves consideration of 
power density in the region of the target, power reflected 
from the target, reflected power density in the region of the 
detector, and reflected power intercepted by the radiator. 

If energy were radiated from a point source, radiation 
would be uniform in all directions. It is assumed that the 
point is at the center of a sphere having a radius r. Since 
all the power must pass through the sphere, power density 
at the surface of the sphere is total power divided by the 
area of the sphere: 

D = — r Wyatts per square meter (34*11) 
4irr2 


For a reflector with an area of 1.0 square meter, radiating 
energy at a wavelength of 10 centimeters, the gain would be 
1256. 

Power density P'r created by a radiator having a gain G 
is the product of the gain and the density of a uniformly 
radiating source of the power, 

P\ = GD 


APr 

r2x2 


watts per square meter 


(34*13) 


Total power reflected at random by the target Is equal to 
the product of pow er density in the region of the target and 
the scattering cross-sectional area of the target. Effective 
scattering area of a target is a complicated, function depend- 
ing upon target area, shape, material, configuration, and 
wavelength of incident energy. It is determined experi- 
mentally. If p represents this reflecting area, scattered 
powder Ps is the product of p and power density at a distance 
r from the source of energy: 


P. = pP'r 
^ pAPr 


(34-14) 


Under the previously given conditions a scattering area of 
1.0 square meter would give a reflected powder of 10 watts. 

Total power reflected by the target is scattered in a ran- 
dom fashion. The target may be considered as the source of 
P, watts, and for simplicity point radiation is assumed. 
Reflected power density P'« at any distance r from the target 
source is 


P\ 


P. 

4irr2 


(34*15) 


pPr 

4irr^X2 


f34*16) 


where D * power density in watts per square meter 
Pr = transmitted power in watts 
r = distance from the point source in meters. 


For p = 1 square meter, A = 1 square meter, Pr = 100 kilo- 
w^atts, r = 1000 meters, and X = 10 centimeters, the reflected 
power density is 8.2 X lO"”^ watt per square meter. 
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Power intercepted by the radiator P,- is simply the product 
of aperture area A and reflected power density: 


Pi = AP\ 


watts 


(34-17) 


If /I = 1 square meter, 8.2 X 10 watt enters the receiver. 

Solving equation 34-17 for range indicates the relation of 
range and power gives 


r 


^47rP,X" 


meters 


(34-18) 


This equation reveals that range varies directly with the 
fourth root of transmitted power. Doubling transmitted 
power increases the range only by the factor 1.19. Doubling 
the range would reciuire 16 times as much transmitted power. 

Range depends also upon the area of the radiator and the 
wavelength of transmitted energy. Increasing area or de- 
creasing wavelength increases range. Reflector size is 
determined by allowable size and weight; wavelength de- 
pends upon availability of high-power oscillators at various 
frequencies, and on beam-width requirements. Equation 
34 - 1 fixes beam width in terms of radiator diameter d and 
wave length X: 

0 ^ radians (34-1) 

a 


In terms of radiator area. 


e = 


2VA 2VA 


(34-2) 


For a given beam width, slight increases in w'avelength 
permit large increases in area. Thus, if large radiators are 
practical, range can be increased without sacrificing beam 
definition by using longer waves and much larger radiators. 

Maximum range can be obtained by substituting for P< in 
equation 34-18 the experimentally determined minimum 
power Pmin to which the receiver will respond satisfactorily: 


-4 


pA^Pr 

4irPniinX^ 


meters 


(34-19) 


The expression is based on reflections from targets in free 
space. Minimum-response power determines maximum 
range. If it is assumed that Pmin has been established by 
measuring maximum range at which intelligible reflections 
are received, 


pA^Pr 

47rrniax^X^ 


(34-20) 


Offhand, it appears that any signal, no matter how minute, 
can be amplified, detected, and made useful. Even a re- 
ceiver with no power loss, however, is limited in its signal 
response by the thermal noise of tubes and circuits. For this 
reason, a maximum signal-to-noise ratio is desired. 

The theoretical lower limit set by thojcmal noise is 

Pth = AiTA/watts (34-21) 


where Pth = thermal noise power 

k = Boltzmann ^s constant (1.37 X 10“^^ watt- 
second per degree) 

T = absolute temperature in degrees 
Af = receiver bandwidth. 

In practice, minimum receiver powder must be from 5 to 
100 times greater than the theoretical value: 

P min = nPth watts (34-22) 

W’here n is the factor compensating for non-thermal noise 
and pow’er losses. Substituting equation 34-22 in equation 
34-19, 

pA^Pr 

Tmax “ \/ r — meters (34-23) 

^ ^irnPaX 

or, incorporating equation 34 -21, 

aHVapT' 

rumx = \ " . o meters (34-24) 

^^wnkT AfX^ 

Equation 34-24 seems to indicate that by decreasing the 
bandwidth of the receiver the range could be extended in- 
definitely, for decreasing bandwidth reduces noise. But 
equation 34-24 is not universally applicable, because de- 
creasing the bandwidth excludes portions of the signal at a 
frequency including an extended , bandwidth. For each 
different pulse duration w some value of Af gives a maximum 
signal-to-noise ratio. This is approximately 

1.2 

A/= - - (34-25) 

w 


Maximum range can be expressed in terms of average 
power and the pulse repetition frecpiency, for 

PuvP 

Pr = Pn.Hx = — — watts (34-26) 

Ufr 

Combining equations 34 - 25 in 34 • 26, 


Pr 


Pavu Af 

— watts 

1.5/r 


and substituting in equation 34 - 24, 


rmax 


4 / pX^Pavc 
^GTrnkTfrX^^ 


meters 


(34-27) 


(34-28) 


The form of the equation for range falsely suggests that 
range is proportional to power because such quantities as 
Pr and Pave appear in it. Actually, range Is determined by 
the energy per pulse. It does not matter whether 100 kilo- 
watts of peak power is delivered for one microsecond or 
40 kilowatts for 2.5 microseconds; the energy is 100,000 watt- 
microseconds in either case. Rewriting equation 34-26, 

P^.e^PrWfr (34-29) 

where Pr = Pmax; substituting in equation 34-28, 


^max 


4 / pA^wPr 


(34-30) 


meters 
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where C is a constant, and 


(34-31) 


rnmx = C^wPr 

^max = peak power X pulse width 

^mox = energy per pulse (34*32) 

For a particular radar set, w is fixed by the minimum range 
which must be controlled. This suggests that peak power 
rather than energy affects range. However, w is determined 
by a compromise. Peak power is limited by the transmitter 
tubes. For detection at close range, w must be small; but 
small w means a small amount of energy and reduces maxi- 
mum detection range. If w is large, energy output Ls large 
and maximum detection range is greater; but large w means 
that detection at close range is sacrificed. In the end, a com- 
promise must be made between maximum and minimum 
detection ranges, and this means a compromise in the value 
of w for a given peak power. 

In this analysis the peak signal amplitude Ls assumed to 
be as large as possible relative to the noise. But signal and 
noise may also be distinguished through the differences in 
their wave forms. If the wave form of the signal is apparent 
(as in type A indicators), the bandwidth may be greater 
than 1.2/w. As bandwidth increases, noise variations be- 
come more uniform and finer, and the signal becomes more 
rectangular. Type A indicators reprodu(5e the form of the 
signal, so this method of signal-noise differentiation is feasible. 

PPI and some other indicators do not show wave forms; 
only a spot appears on the screen. Because the effect of 
better wave form is hidden, peak signal amplitude alone 
establishes signal ascendency over noise, and a bandwidth 
of 1,5 /w is customary. Energy per pulse determines the 
ratio of signal to noise. If the signal is to predominate, 
energy per pulse must be large. For detection in regions 
close to the radar unit, a short pulse is necessary; that is, 
peak power of the transmitter must be large. 


34-7 POSITION-FIXING RADAR 

Neither the true principle of reflection nor the microwave 
frequencies usually asso(?iated with radar are found in posi- 
tion-fixing systems. 

The first beacon bombing systems were developed by the 
British. They depended on measurement of aircraft range 
from two ground beacons. Ground equipment consists of 
pulsed transmitters and receivers; the air-borne unit consists 
of a receiver that automatically triggers a transmitter on 
reception of the beacon pulses. In effect, the air-bome 
system simulates a target of exceedingly high reflectivity. 
Position of the plane is determined by measuring the range 
of the aircraft from each of the two beacons. Knowing the 
ranges, the ground controller can establish the position of 
the plane as the intersection of two circles having as their 
radii the indicated ranges (Fig. 34*12). 


This system requires ground controllers, and only one 
plane or formation at a time can be controlled. Another 
system, called Gee-II, in which the aircraft interrogates the 
beacons, circumvents this limitation. The aircraft sends 
out a pulse which triggers the ground beacons. A cathode- 
ray indicator is used for measurement of ranges, which is 
done on the plane, because the position of the beacons is 
known and the problem is simply the measurement of travel 
time of the energy as in radar. The beacons serve, in a 
sense, as known points of unusually high reflectivity. 

The Gee-II system is an extension of the Gee navigational 
system. Both the American Loran and the British Gee 
systems depend upon the measurement of time differences. 
Both use frequencies in the kilocycle band, and both em- 
ploy pulsed ground beacons and simple radar-type receivers 



Fig. 34*12 Beacon method of portion determination by range meas- 
urement. 


in aircraft. Gee, however, uses ground waves only and is 
limited to line-of-sight ranges. Maximum range of any 
line-of-sight system is given approximately by 

/?m«x = (34-33) 

where /Zmax is in miles if altitude h is in feet. Heights of both 
plane and beacon are included in h although the height of 
the beacon is usually insignificant in comparison with the 
altitude of the plane. Thus, if beacon height is assumed to 
be negligible, a plane at 20,000 feet can receive signals from 
a beacon 200 miles away. 

The lower frequency Loran system uses sky-waves in 
addition to ground waves. Loran day coverage over water 
is 700 nautical miles; over land, about 300 statute miles. 
At night, Heaviside reflections extend this range to about 
1400 miles over both land and sea. 

Consider two ground beacons M and S and the airplane 
P in Fig, 34*13. Assume that both beacons arc transmitting 
simultaneously. The two signals travel away from their 
respective beacons at the constant velocity of light, and 
equal increments of distance are covered in equal increments 
of time. Plane P intercepts both signals, and the indicator 
displays them along a line (much as in type A indication). 
If the plane is equidistant from the beacons, the two signals 
are superimposed, for they arrive at the same time. If, 
however, the plane is nearer to M than to S, there is a dif- 
ference in travel time between the two signals, and this dif- 
ference corresponds to the space interval between the two 
signals on the screen. Measurement of this calibrated inter- 
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val, therefore, reveals the time difference between the two 
signals. 

Now the locus of a point, the difference of whose dis- 
tances from two points is a constant, is a hyperbola; there- 
fore, for any position of the plane with respect to the beacons 
(within their range), the time difference specifies a pasition 
on a hyperbola. Thus, a time difference of 30 microseconds 
indicates that plane P is somewhere along hyperbola A-A\ 
Reception of similar signals from another pair of beacons 
determines another hyperbola, and the pasition of the plane 
is at the intersection of these two hyperbolas. 

It is possible that the plane is somewhere along a hyperbola 
having its focus at S instead of M. This ambiguity is avoided 



Fig. 34-13 Beacon method of position determination by measun'ment 
of time differences between signals from pairs of stations. 


by proper synchronization of the two beacons. The * ‘master’ ' 
M beacon triggers prior to the “slave” S, and this pre- 
established delay is calculated so that, within beacon range, 
one time-difference reading indicates only one hyperbola on 
the navigational chart. 

34-8 APPLICATIONS OF RADAR 

An immediate application of radar lies in marine naviga- 
tion. Relatively low-power systems with PPI presentation 
are adequate for both navigation and anti-collision purposes. 
For air-bome functions, however, such systems are not 
likely to be preferred. For air navigation precision systems 
of the position-fixing type, like Loran, offer accuracy, sim- 
plicity, and an advantage in size and weight. Ground radar 
systems, moreover, can simplify traffic control and blind 
landings. 

Marine Radar 

A marine-radar system already in commercial use con- 
sists of an antenna pedestal and an indicator console. Expert 
operators are not required, because the apparatus has been 
greatly simplified. Designed for navigation and anti-collision 
purposes, the system uses PPI presentation (Fig. 34-14). 


The upper half of the antenna pedestal contains the cut 
paraboloidal antenna, the a-c driving motor and associated 
gears, and the synchro-tie motor. The lower section en- 
closes the high-voltage power supply, the modulator, and 
the radio-frequency head. The console (Fig. 34-15), 
mounted in the wheelhouse or bridge, encloses the low- 
voltage power supply, the intermediate- and video-frequency 
amplifier, the PPI indicator and associated circuits, and all 
controls. 

Auxiliary equipment consists of a motor-generator set, 
remote PPI indicators, and an azimuth stabilizer for true 
bearing. The motor-generator set is necessary only if the 
vessel’s primary power supply does not provide the 115- volt 
single-phase 60-cycle energy required. As many as three 
remote PPI indicators can be linked to the main indicator. 
Finally, vessels equipped with a standard gyrocompass can 
use azimuth stabilization of the PPI presentation for tnie 
bearing. 

Components of marine radar are shown in Fig. 34-16 (o). 
Of particular interest are the modulator, Fig. 34-16 (6), and 
the radio-frequency head, Fig. 34-16 (c). To secure the 
proper sharp signal from the magnetron, an accurately 
formed high-power signal must be impre.ssed between the 
cathode and the anode of the magnetron. The high-voltage 
power supply delivers 3000 volts to the modulator. A charg- 
ing inductor and a resonant pulse network consisting of 
capacitors and inductors increase this voltage to 5100. 
Because such a voltage would oscillate in amplitude, becom- 
ing gradually damped, a hold-(;ff diode is inserted between 
the charging inductor and the pulse network to prevent a 
reversal in current direction and thus maintain the voltage 
at 5100. 

Accurate timing of pulses, necessary in pulse modulation, 
is achieved by Uvse of a sine-wave oscillator, a blocking oscil- 
lator, and a thyratron. The blocking oscillator eliminates 
negative portions of the accurately timed signals from the 
sine- wave oscillator and converts the positive portion into a 
sharp pulse that rises sharply and decays exponentially. 
This pulse is applied to the grid of the thyratron, the anode 
and cathode of which are linked to the pulse network of the 
modulator and the pulse transformer in the radio-frequency 
head. The thyratron fires regularly on receiving the positive 
pulse, discharging the pulse network through the primary 
of the pulse transformer. The impedance of the transformer 
is equal to that of the network; therefore the 5100 volts are 
divided between the two, and a negative pulse of 2550 volts 
is applied to the transformer winding. 

The modulator provides a high-voltage pulse of 0.4 micro- 
second duration, repeated at the rate of 2000 times per 
second. This signal is stepped up to approximately minus 
12,500 volts by the pulse transformer, and is then applied 
to the cathode of the magnetron, driving it negative with 
respect to the anode and causing the tube to oscillate. The 
magnetron is of the 3-centimeter type, giving a signal fre- 
quency of about 10,000 megacycles, and has a peak power 
output of more than 15 kilowatts. 

Wave guides conduct the energy to the radiator. Instead 
of a dipole antenna, a horn-type wave guide feeds the energy 
to the truncated paraboloid that radiates the pulse in a 
vertical fan pattern, 2 degrees wide horizontally and approx- 
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imately 15 degrees vertically. The radiator is rotated con- wave guide so that only a small portion of the transmitted 
tinuously at 12 revolutions per minute by a small 11 5- volt signal is intercepted and almost none of the reflected signal 
a-c motor. is absorbed. This signal is mixed with a portion of the kly- 

A synthetic crystal and a klystron local oscillator are used stron output. The intermediate frequency signal is ampli- 
for detection; the superheterodyne principle is utilized, fled and applied to the discriminator (a capacitor-inductor 



Fig. 34-14 PPI presentation of marine radar permitting blind navigation and furnishing anti-collision protection. 


Intermediate- and video-frequency amplifiers are tuned to circuit), which is highly sensitive to frequency. The result- 
accept certain bandwidths, and the signal from the mixer ing signal is amplified and fed to the control tube that actu- 
must remain within these ranges. To compensate for magne- ates the sweep generator used to vary continuously the 
tron variation, an automatic frequency control (AFC) sys- klystron voltage over a predetermined range. The net 
tern maintains the klystron at such a frequency that the effect of the AFC is to keep the klystron frequency at a value 
intermediate frequency signal remains at 60 megacycles. A that ensure^s a 60-mcgacycle intermediate-frequency signal 
dynamic method of control, relying on a crystal mixer, output from the radio-frequency receiver, 
amplifiers, discriminator, control tube, and sweep generator. Maximum range is 32 miles. This range depends upon 
performs this function by altering the freciuency-sensitive the amount of power transmitted and upon the height of 
voltage of the reflex klystron. the antenna. In general, ship-borne radar systems are 

The AFC crystal is coupled directionally to the output limited in range by antenna elevation. Minimum range 
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depends upon pulse width. The 0.4-micro8econd pulse 
permits detection of objects as close as 100 yards. 

Aircraft Systems 

The nature of radar systems for air-borne use is more com- 
plex, partly because psychological factors as well as technical 
factors are involved, and partly because the possibilities are 
more extensive. It appears that Loran or a related system 
is w’ell suited for transoceanic and continental navigation. 
Loran can serve just as well for domestic flights, but there is 
a possibility that other systems will assume this role. Ground 
search and control systems may direct planes over ultrahigh- 



the magnetron, TR tube, resnatron, and semi-conductor 
rectifier indicate that the components necessary for utiliza- 
tion of higher frequencies are available. At the same time, 
extension of the radio-frequency spectrum during the last 
few years has been great. The value of this expanded spec- 
trum for television, FM, and communications in general is 
self-evident; its value for such specific applications as dielec- 
tric and induction heating remains a subject of future investi- 
gation. These fields have profited by the techniques as well 
as the components developed in radar. 
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Fio. 34*15 Marine-radar console. 

frequency communication channels; beacon systems, like 
Loran but short-ranged and relying on range measurement 
(in contrast to Loran's time measurements) of coded signals, 
may replace radio beacons domestically; and ground systems 
transmitting televised-like displays to aircraft offer another 
possibility, but the choice and development of the most suit- 
able system of this type are in the experimental stage. 

Radar offers still another aid to flying: blind landing. 
Systems of the GCA (ground-controlled approach) type, com- 
bining search and control with precision range and elevation 
functions, can guide planes to obscured landing fields. Some 
beacon systems also offer such possibilities, and the eventual 
practical form of blind-landing equipment also remains to be 
decided. 

One of the short-range position-fixing systems called 
Shoran promises to revolutionize cartography. It can estab- 
lish the pasition of ground points with greater accuracy than 
ground crews using conventional surveying instruments. 

General Applications ^ 

The ultimate significance of radar lies in its general effect 
on the whole field of electronics. Such radar components as 



Fig. 34*16 Wesiinf^house marine radar: (a) system block diagram^ 
(6) modulator, (c) radio-frequency head. 

The development of miniature tubes began a movement 
that radar rapidly extended. In systems using hundreds of 
tubes, space became critical, and new designs resulted. Not 
only were small components designed and made, but a new 
concept of circuits was developed. The concept of tubes as 
short-lived devices was discarded, and tubes as durable as 
other circuit components are now available. Not only are 
these tubes smaller, but also whole circuits can be included 
within the evacuated envelope. From an industrial point 
of view, electronic devices hitherto prohibitive in size and 
weight will be practical. From a scientific point of view, 
accurate instrumentation, impractical in some fields hither- 
to, is feasible. 

One of the greatest contributions of radar lies in its accu- 
rate measurement of short intervals of time. Timing circuits 
capable of measuring thousandths of a microsecond are 
already in existence. 













Chapter 35 


CARE AND MAINTENANCE OF TUBES 

C. J. Madsen 


I NDUSTRIAL electronic apparatus usually includes 
circuits and components selected for their inherent 
stability and durability, because the apparatus may 
be required to operate over long periods without expert 
attention. Some components and circuits neverthele,ss re- 
quire special care in installation and proper maintenance if 
peak efficiency and uninterrupted operation are to be 
attained. Extended tube life is often a direct result of such 
attention. 

36-1 EXTENDING TUBE LIFE 

Following a few general rules usually contributes to longer 
life and more reliable operation. They arc: 

1 . Use the tube or device within its ratings. 

2. Operate tubes at proper cathode voltages as recom- 
mended by manufacturers. Measure this voltage regularly 
with an accurate voltmeter. 

3. Apply cathode voltages in the manner specified by the 
manufacturer. 

4. Keep the tube clean, particularly its contact terminals, 
glass envelope, and anode (if water-cooled). 

5. Maintain an ample supply of cooling medium, if it is 
required. 

6. C-athode and anode voltages should not be applied 
simultaneously except as permitted by manufacturer\s 
ratings. 

7. Handle tubes with care. Avoid sudden meclianical or 
thermal shocks. 

8. Store spare tubes carefully. Some tubes require special 
care as to position during storage. 

Overload Capacity 

Few types of tubes have appreciable overload capacity. 
The term overload refers to operation in which the inter- 
element space current or potential (such as anode current 
or anode voltage) exceeds the tube rating. The average 
rating usually applies, although certain tubes have peak 
ratings which apply in special modes of operation. 

An overload of short duration in a hot-cathode tube may 
not destroy the tube. Well-designed apparatus usually in- 
cludes protective overload devices to protect the tubes and 
equipment under anode-current overloads. Occasionally an 
overload persists long enough to heat tube elements to a 
temperature sufficient to liberate occluded residual gases, 


and these gases may make the tube inoperative. If elements 
are not destroyed it is often possible to restore the tube to 
almost normal performance. The reconditioning procedure 
is controlled entirely by the type of cathode material. 

Cathode Operation 

The importance of operating the cathode at the proper 
voltage cannot be overemphasized. Many types of tulles 
operate satisfactorily with line voltage variations greater 
than 5 percent. Such variation causes trouble in some 
apparatus, and it always has an adverse effect on tube life. 
The type of cathode material determines the liberties that 
may be taken or precautions that must be exercised. 
Cathode materials can l>e divided into four general classes: 

1. Pure-tungsten cathodas. 

2. Thoriated-tungsten cathodes. 

3. Oxide-coated catluxles, directly and indirectly heated. 

4. Mercury-pool cathodes. 

Pure-Tungsien Cathodes, Pure-tungsten cathodes usually 
are dasigned for operation at approximately 2550 degreas 
Kelvin. If the normal temperature can be reduced by only 
50 degrees, tube life can be theoretically doubled. Con- 
versely, if temperature is increased, useful life is shortened. 
The most common cause of failure is cathode burn-out, and 
precautions which minimize abu.se of this element will pay 
dividends in trouble-free service. Tungsten cathodes are 
used in large pliotrons and kenotrons, tubes of the high- 
vacuum type. 

If the tube is lightly loaded, its life can be increased by 
operation of the cathode at reduced voltage. A 5 percent 
reduction in cathode voltage results in an increase in theo- 
retical life of 100 percent. The curves shown m Fig. 35-1 
show expected life and emission expressed in percentages 
versus cathode voltage. Hence the lowest cathode voltage 
that produces satisfactory performance is the voltage that 
gives the longest tube life. Such adjustments should be 
made by an experienced electronic service man. 

Allowance must be made for variations in cathode voltage 
caused by line-voltage fluctuations. Adequate emission must 
be available for satisfactory performance while line voltage 
is at its lo>vest excursion. 

If line voltage varies widely the average cathode voltage 
must be somewhat higher than if the power voltage varia- 
tions are small. Hence tube life is shortened. For example. 
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suppose the emission from a tungsten-cathode tube at 94 per- 
cent of normal voltage is adequate. Add 1 percent for safety 
factor. Line- voltage fluctuations are ±5 percent. To assure 
the 95 percent value during periods of low line voltage, the 
cathode must be adjusted to an average value of 100 percent. 
This adjustment means that the cathode voltage will be 
105 percent some of the time. As shown by Fig. 35*1 the 
theoretical life will be materially less than if line-voltage 
variations are only db2 percent. If line-voltage varies only 
±2 percent the average voltage can be adjusteil to 97 per- 
cent, with maximum variations being between 95 and 99 
percent of normal. Resulting life is influenced further by 
the relative time the voltage is at various values. 



PERCENT OF RATED CATHODE POTENTIAL 

Fig. 35-1 Life and emission as affected by cathode potential on tubes 
with purc-tungsten cathwles. V’alues basted on rated cathcKle voltage 
as 100 percent. 

One method of determining the minimum safe value is to 
operate the device at normal load and normal cathode volt- 
age, then reduce cathode voltage very gradually until anode 
current, grid current, output, anode temperature, or cooling- 
water temperature changes. Such a test should be con- 
ducted by an experienced man as the first indication may be 
minute. 

This point represents the lowest cathode voltage that can 
be tolerated under all conditions of line voltage. The final 
adjustment is then determined by the expected variations 
from the line voltage used at the time of the test for minimum 
cathode voltage. The final adjusted value for the given load 
condition is always higher than this minimum cathode volt- 
age, as at least 1 percent safety factor should be added to 
the line voltage correction. 

In a water-cooled tube, steam bubbles may form at the 
anode surface if the cathode voltage is reduced below this 
minimum. The distinctive sound produced in the water 
jacket serves as an additional check. Such operation for any 
appreciable length of time will damage or destroy the tube. 

Another factor important to cathode life in large tubes is 
the manner in which cathode voltage is applied. Stresses in 
the cathode caused by sudden application or removal of the 
voltage can cause premature failure. Stresses at starting 
are particularly severe, and most tube^manufacturers limit 
starting current to 1.5 times the rated current. The usual 
way of limiting starting current is by means of current- 


limiting transformers, but it can be done by starting devices 
employing resistance, reactance, or variable voltage. 

Anode voltage may be applied to tungsten-cathode tubes 
before the cathode has reached normal operating tempera- 
ture without deleterious effects. 

Thoriated-'Tungsten Cathodes. Tubes employing thori- 
ated-tungsten cathodes are usually of the high-vacuum type 
such as pliotrons and kenotrons. Tubes using thoriated- 
tungsten cathodes usually are designed for a cathode tem- 
perature of approximately 1900 degrees Kelvin. If a 
thoriated-tungsten cathode is operated at a voltage below 
normal it may lose emission rapidly, because thorium is not 
carried to the cathode surface fast enough to maintain 
normal emission. If the cathode is operated at a voltage 
above normal, the tungsten carbide on the cathode surface 
is reduced to pure tungsten at an excessive rate. l"his 
process affects the emission characteristic of the cathode. 
Useful life of the thoriated-cathode usually ends before 
burn-out, and is marked by loss of emission. Thoriated 
cathcMle tubes should be operated at rated cathode voltage. 

Loss of emission may be caused by cathode “poisoning^' 
by gases liberated from one of the elements during a short 
ov'erload. The gas is adsorbed to some degree by the cathode 
material, which changes its emission characteristic. If the 
amount of gas liberated or the degree of poisoning is not 
excessive the tube may be restored by following the procedure 
outlined in Section 35*4. 

Because cathode current in thoriated-tungsten tubes usu- 
ally is relatively low, starting stresses are negligible. The 
time required for the cathodic to reach normal Uunperature 
is short; cathode and anode voltages may be applied simul- 
taneously without adverse effects on tube life. 

Oxide-Coated Cathodes. Cathodes of the oxide-coated 
type operate at temperatures much lower than do those of 
tungsten or thoriated tungsten. Correct color temperature 
varies somewhat with the coating material, but is usually 
from dull red to cherry red. Phanotrons and thyratrons, 
tubes of the gas-filled or mercury-vapor type, commonly 
have oxide-coated cathodes. For maximum tube life, rated 
cathode voltage must be maintained at all times within 
5 percent. If a coated cathode is operated below its rated 
voltage, the active material may be destroyed by ion bom- 
bardment, particularly in tubes employing high anode 
voltages. If cathode voltage is too high the emission surface 
is effused faster than normal, and in extreme cases may be 
transferred to some degree to other elements of the tube. 
Useful life of oxide-coated catliodes usually is completed 
before bum-out. In the indirectly heated type useful life 
usually ends without failure of the heater element. Loss of 
emission is the common end of life. Such tubes cannot be 
restored by “rejuvenating” processes. 

Tubes employing high anode voltages must have their 
cathodes at normal temperature before anode voltage is 
applied. This is particularly true of gas-filled or mercury- 
vapor tubes such as phanotrons or thyratrons, and the 
apparatus using them ordinarily includes a time-delay de- 
vice to prevent application of anode potential until the 
cathode has been heated to operating temperature. 

Hot-cathode mercury-vapor tubes require additional pre- 
cautions in mounting and initial operation. They should 
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always be mounted with the base down. A new tube must 
be operated with only cathode or heater voltage applied for 
a period of 15 to 30 minutes to insure proper distribution of 
mercury before anode voltage is applied. The tube should 
not be inverted, in order that the amount of mercury on the 
upper portion of the envelope or on the elements may be mini- 
mized. 

Mercury-Pool Cathodes. Mercury-pool cathodes are not 
subject to the limitations of hot cathodes because emission 
is initiated and controlled by factors other than cathode tem- 
perature; hence the cathode is not affected by overloads or 
voltage conditions. The ignitroii is a common tube of this 
type. Electrodes or other devices for starting emission are 
subject to some limitations, usually current. Tolerance of 
these circuits usually is so wide that they function under 
conditions far beyond the limits of the associated apparatus. 
In addition the design of the “firing” circuit can be made 
almost completely self-protecting, '^fhe manufacturer\s 
recommendation for mounting must be followed if reliable 
performance is to be expected. 

Since mercury-pool cathodes are not subject to burn-out 
or loss of cathode emission, their normal life is measured in 
years. Most common causes of failure are rough handling, 
overloads, and failure of firing electrodes or circuits. 

Regulating Cathode Voltages. If supply voltage varies 
widely it is often ec^onomical to use an automatic voltage- 
stabilizing device to maintain cathode voltages within reason- 
ably close limits. For low power the static type of voltage- 
stabilizing transformer is satisfactory. If more than 5 kva 
is involved, the induction type of regulator with automatic 
control usually is preferable. 

36-2 TUBE MAINTENANCE 
Cleanliness 

Cleanliness of vacuum tubes is particularly important in 
sensitive or high-impedance devices and in those employing 
high voltages or high freciuencies. 

Corrosion, dirt, or lint on the tube contacts may affect 
performance and tube life adversely in several ways. 
Cathode contacts usually carry larger currents than any 
other tube contacts. Hence a high resistance at this point 
reduces cathode A’oltage, and local heating produces addi- 
tional oxidation, which in turn increases conta(;t resistance. 
The effect is cumulative, it causes erratic operation, and it 
may produce tube failiu’c. Tube terminals or contacts may 
be cleaned by occasional polishing with No. 00000 sandpaper 
or crocus cloth, followed by wiping with a cloth dampened 
with alcohol. Terminals should be kept tight, but mechan- 
ical strains on the glass-to-metal seals of the tube should be 
avoided. Spring clips used for connections to anodes or 
grids of some tubes can be cleaned in the same way. 

Glass surfaces should be cleaned regularly with a cloth 
dampened in alcohol. The cleaning should not be done w’hile 
the tube is still hot. Dirt on the glass may not affect per- 
formance, but in high-voltage or high-frequency applications 
it may lead to localized heating of the glass and subsequent 
tube failure. 

In water-cooled pliotron tubes Avhere water touches the 
anode, it may become coated with a scale deposit unless dis- 


tilled water is used. This scale is mainly lime, similar to 
boiler scale, although it varies with the local water supply. 
Scale should be removed frecjuently, because it reduces the 
heat transfer from the anode. If allowed to accumulate 
indiscriminately, it can cause tube failure. Scale can be 
removed by immersing the anode in a 10 to 25 percent solu- 
tion of hydrochloric acid. It may be removed by careful 
use of a scraper also. 

Cooling 

Air-Cooled Tubes. Little need be done to a.ssure proper 
cooling of tubes cooled by natural ventilation, if the equip- 
ment was designed to provide proper ventilation. Such 
tubes handle relatively low power and the amount of heat 
produced is small. Ventilating openings in the cabinet 
housing the tubes should not be obstructed. 

For tubes using forced ventilation, an adequate supply of 
air is important. Some blowers have air filters at the intakes 
to reduce the amount of dust drawn in. Failure to clean or 
replace this filter regularly results in restricted cooling and 
may cause failure of the tube. The intervals l^etween clean- 
ing or replacement depend upon local conditions. A ther- 
mometer mounted on the radiator or near the envelope of 
the tube will give a clue to the reduction in ventilation, par- 
ticularly if daily readings are recorded and compared with 
the ambient temperature surrounding the equipment. In- 
take and exhaust openings must not be blocked. 

The amount of cooling air for phanotrons and thyratrons 
employing mercury vapor is not particularly critical but 
such tubes are critical to temperature. Ventilation, w hether 
natural or forced, usually is arranged to maintain a portion 
of the envelope just above the base at a temperature within 
the optimum operating range. Some designs provide for 
heating the tube compartment, and if tubes of this type are 
operated where temperatures fall below’ 50 degrees Fahren 
heit, heating may be necessary. At the other extreme, high 
ambient temperatures may cause arc-backs. This upper 
limit varies with tube type and voltage conditions, so refer- 
ence to the manufacturer's rating is necessary. In extreme 
cases a means of cooling the air applied to mercury-vapor 
tubes must be provided. 

A small area of the envelope near the base must be kept 
at a temperature within the limits dictated by the operating 
conditions of the tube in the circuit, if reliable performance 
is to be maintained. 

Water-Cooled Tubes. Water-cooled tubes depend upon 
an adequate flow of water to carry aw ay heat fast enough to 
maintain the cooled parts at a safe operating temperature. 
The recommended flow’ as specified by the tube manufac- 
turer should be maintained at all times when the tube is in 
operation. Inadeciuate flow of water at high temperature 
may cause formation of steam bubbles at the anode surface 
of large pliotrons where the W’atcr is in direct contact with it. 
This can contribute to premature tube failure. La(;k of ade- 
quate cooling in ignitrons may result in freciuent arc-backs. 

By electrolysis and scale formation, hard water may cause 
a gradual constriction of some part of the water system. 
Hence w^ater flow and plumbing fittings must be inspected 
regularly. The fittings on either end of an insulating section 
of hose or ceramic water coil or column are particularly sub- 
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ject to corrosion or electrolysis unless they have protective 
‘‘targets/^ Targets should be checked periodically and 
replaced when they have disintegrated. 

Cooling-water temperature is important. The tube manu- 
facturer's rating sheet should be consulted to be sure opera- 
tion is within safe limits. 

In many ignitrons and similar tubes the shell or metal 
envelope is water-cooled. Since the shell usually is at cathode 
potential the use of isolating water columns (lengths of 
rubber or insulating hose) is sometimes necessary. Fittings 
and tube are subject to corrosion, scale, and colloidal de- 
posits if impure water is used. Water connections and cool- 
ing jackets should be flushed out at three-month intervals 
with high-pressure water to maintain proper cooling effi- 
ciency. If scale deposits are found, a cleaning compound 
such as Oakite or equivalent material is used. After clean- 
ing, the system must be flushed thoroughly. 

The mast reliable source of clean cooling water should be 
selected. If it contains scale or colloidal materials, a filter 
or conditioner should be installed. The conditioner or filter 
should not introduce ion-producing chemicals, because 
excessive electrolysis will result. 

If scale and corrosion cause much trouble a closed system, 
which utilizes distilled water in the tube circuit and employs 
a heat exchanger to carry away heat, should be installed. 
The heat exchanger may be of the water-to-water or water- 
to-air type, depending upon local conditions and the power 
involved. 

Water should not be permitted to drip or spray on the glass 
portions of tube envelopes, particularly when the tubes are 
in operation. The sudden thermal shock almost invariably 
results in tube failure. 

36*3 HANDLING AND STORAGE 

Glass tubes, which are recognized as being fragile, are 
seldom exposed to the rough treatment often given metal 
tubes. Yet the internal structure of a metal tube is similar 
to that of a glass tube, and it can be irreparably damaged by 
mechanical shocks. A safe rule is to handle all tubes as 
though they were precLsion instruments. Mechanical shocks 
may displace internal elements of the tube as well as shatter 
the glass envelope or insulating meml)ers supporting the 
elements. Thermal shock may be e<iually damaging to the 
glass portion of the tube. A hot tube should not be placed 
against a cold metal Ixxly or in contact with cold liquids. A 
cracked glass envelope or seal may result from such care- 
lessness. 

New tubes should be tested at the first opportunity in 
equipment similar to that in which they will be used. They 
should be unpacked carefully and tested as follows: 

Kenoirons with Tungsten Cathodes. This tube is oper- 
ated with cathode voltage only for 10 minutes at normal 
cathode voltage. On high-cathode-current tubes, low initial 
cathode voltage should be applied and gradually increased 
to normal to limit the cathode-current surge. Reduced 
anode voltage is applied and the tube is operated for an 
additional 10 minutes. Then anode voltage is increased to 
normal and the tube is operated for 10 minutes again. If 


the tube shows signs of gas, the conditioning procedure given 
in Section 35-4 should be followed. 

The tube then should be returned to its shipping carton, 
or to a storage cupboard with some provision for protecting 
tubes against mechanical damage. Tubes of this type may 
be stored in any position. Spare tubes should be tested 
every 3 months, the same procedure being followed. 

Kenotrons with Thoriated-Tungsten Cathodes. The tube 
is operated with cathode only for 1 minute at normal cathode 
voltage, and then for 5 minutes with anode voltage applied. 
Tubes of this type should be stored as indicated previously. 

Test the spare-tube stock periodically to assure that no 
defective tubes are carried in stock. 

Pliotrons with Tungsten Cathodes. The tube is operated 
with the cathode only (with application of reduced voltage 
or limiting of current by a starting circuit), at rated voltage 
for 10 minutes. C/Ooling must be normal during the test. 
Reduced anode voltage is applied approximately half of 
normal, and the tube is operated for an additional 10 minutes. 
Anode voltage is increased to normal, and the tube is oper- 
ated for 10 minutes. If any tubes show signs of gas, they 
are conditioned as described in Section 36-4. 

The tube then should be returned to its shipping carton 
or a suitable storage cupboard. Tubes of this type occupy 
less space and are less subject to mechanical damage if they 
are stored vertically, although the position in storage does 
not affect tube operation. Spare tubes should be tested 
every 3 months. 

Pliotrons with Thoriated-Tungsten or Oxide^Coated Cath- 
odes. The tube is operated for 1 minute with normal cathode 
current only. Normal anode voltage is applied for 5 min- 
utes. Then the tube is returned to the shipping carton or 
storage cupboard. Tubes of this type may be stored in any 
pasition. Spare tubes should be tested every 3 months. 

Phanotrons and Thyratrons. The tube is operated with 
only the cathode energized normally for a period of 10 to 
15 minutes or until the mercury disappears from the ele- 
ments and the upper portion of the tube envelope. Gas- 
filled tubes need be operated for only a minute. Normal 
anode voltage is applied, and the tube is operated for an 
additional 10 minutes. If the tube arcs back, the cathode 
only is of)erated for an additional 5 minutes, and the tem- 
perature of the condensed mercury is checked by measuring 
bulb temperature just above the base. If it is within noiinal 
limits (see manufacturer's rating sheet), which are usually 
between 60 and 122 degrees Fahrenheit, anode voltage is 
reapplied. Operation should be normal if the tube is not 
defective. If the tube appears to be normal, operation 
is continued for 5 minutes. When the tube is being removed 
from its socket, every precaution is taken to prevent mercury 
from splattering on the upper portion of the bulb or electrodes. 
The tube is stored in an upright position. Tubes so handled 
can be placed in active service with only the normal cathode- 
heating delay, and need not be reconditioned. 

Spare tubes should be checked every 3 months. Initial 
cathode-heating time may be reduced on recheck to the 
normal time delay prior to anode-voltage application. 

Gas-filled tubes can be stored in any position without the 
necessity of conditioning prior to service. 
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Ignitrons. The tube Ls placed in a vertical position with 
the cathode pool at the bottom. With an ohmmeter, test 
lamp, or test meter, a test is made from anode to the metal 
envelope for a short circuit. If a short circuit is indicated, 
it can be eliminated by tilting the tube about 45 degrees and 
tapping the tube with the bare hand. Wlien the tube is 
returned to its normal position, a check to see that the short 
circuit has been relieved is made. The procedure is repeated 
if necessary. The igniter circuit is checked for continuity. 
The tube is handled and stored in an upright position. 

Phototubes. The tube is operated for 2 hours. Charac- 
teristics of a phototube which has not been in service for a 
month or more may change slightly, but will return to normal 
with 1 or 2 hours of operation at normal voltage and illumi- 
nation. 

Some ultraviolet-sensitive phototubes have shields within 
the tubes. If the shield is not at the bottom of the tube when 
it is unpacked, the tube base is held downward and tapped 
gently until the shield slides down. It may then be tested 
in the normal manner. 

Phototubes can be stored in their shipping cartons, and 
should not be exposed to excessive light, such as direct sun- 
light, for long periods. 

36-4 RESTORATION OF INOPERATIVE TUBES 

Kenotroas and pliotrons which may have become inopera- 
tive by a temporary overload and the liberation of a small 
amount of gas sometimes can be restored to useful service. 
Occasionally tubes which have been stored for long periods 
also show indications of gas. 

A tube containing a small amount of gas produces a faint 
bluish glow filling almost all the envelope when anode poten- 
tial is applied. This is often accompanied by erratic anode 
current, which rises rapidly and trips the overload relays. 
The slight bluish iridescence on the inner surface of a glass 
envelope should not be confused with a glow caused by gas. 
Some glass, under electron bombardment, produces a faint 
bluish glow which emanates from the inner surface of the 
glass envelope only. Sometimes the (luantity of gas is so 
minute that the tube may appear normal until a transient 
voltage produces ionization and the overload relay is tripped. 
In this case the glow is momentary and can be seen only by 
careful observation. 

If the tube contains a large amount of gas, the glow is 
pink or bluish pink. Such tubes seldom can l>e restored, 
although it is worth attempting for large tubes. 


In tungsten- or thoriated-tungsten-cathode tubes a cloud 
of white fumes within the envelope on application of cathode 
voltage is an indication that the tube Ls filled with air, A 
cracked seal or envelope is probably responsible, and the 
tube cannot be salvaged. 

Restoring Tungsten-Cathode Tubes. Kenotrons and plio- 
trons respond to the same general treatment, and if the 
amount of gas is not excessive restoration is almost certain. 
Pliotrons should be operated as oscillators during restora- 
tion, if possible. 

Apply normal cathode voltage for a period of 15 to 30 
minutes. Cooling should be normal. 

Apply about one fourth of the normal anode voltage and 
load the tube lightly. If gas is indicated at this voltage, 
the tube should be operated with cathode only for an addi- 
tional 30 minutes and anode voltage applied. It is operated 
at this anode voltage for 15 minutes. Anode voltage is in- 
creased to approximately one-half normal and the tube is 
operated for 15 minutes. During the next 2 hours the anode 
voltage is gradually increased to normal. If at any stage of 
this seasoning process gas is indicated, the anode voltage is 
reduced slightly, and the process is resumed until normal 
anode voltage can be applied Avdthout any indication of gas 
or instability. 

Restoring Thoriated-Tungsten-Cathode Tubes. Tubes 
which apparently have lost emission because of an overload 
of short dux’ation sometimes can be restored by operation of 
the cathode only at 120 percent of normal voltage for a 
period of 10 minutes, with no anode voltage applied. Cath- 
ode voltage is returne<l to normal for 10 minutes, and then 
anode voltage is applied. If anode current is approximately 
the same as that of a normal tube in the same circuit, the 
tube probably will give many additional hours of service. 
If emission is still low, the tube is operated with twice the 
normal cathode voltage for 10 seconds. Cathode voltage is 
reduced to normal for 10 minutes, and then anode voltage 
is applied. Operation is checked as before. If emission is 
still low the tube is probably beyond recovery. 
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CARE AND MAINTENANCE OF ELECTRONIC APPARATUS 

C* J. Madsen 


E lectronic equipment for industrial service nor- 
mally is designed to operate for extended periods 
wthout attention of skilled personnel. Protective 
devices and special circuit designs minimize interruptions 
or serious failures. Some components and circuits recjuire 
special care in installation and special maintenance, though 
all electronic equipment requires reasonable care in installa- 
tion and periodic maintenance if peak efficiency and trouble- 
free operation are to be attained. 

36 1 INSTALLATION 

Before installation of electronic equipment, the manufac- 
turer’s instructions should he read thoroughly. If the instal- 
lation is made properly, hours of maintenance work and 
^‘trouble shooting” may be saved. 

The following check list should be helpful: 

1. Select a dry, clean location for the equipment. 

2. Provide adequate clearances for routine servicing. 

3. See that line voltage and frequency agree with the 
nameplate ratings of the equipment. Be sure the line has 
adequate current-carrying capacity, and that voltage varia- 
tions with load are less than 6 percent. 

4. Sufficient cooling media of ample purity must be avail- 
able. This is extremely important in electronic apparatus 
employing water as the coolant. 

5. Provide a good ground connection on sensitive or high- 
frequency apparatus. 

6. FoUow the manufacturer’s instructions for installation. 

7. Before applying power, check transformer taps (when 
provided). Check the ecjuipment for loose connections or 
other damage. 

8. Check safety devices or safety interlocks for proper 
operation. 

9. Follow the manufacturer’s instructions on initial 
adjustments. 

10. Follow the manufacturer’s operating instructions. 

11. Avoid overloading. With the exception of equipment 
employing ignitrons or their equivalent, overloads reduce 
tube life and produce unsatisfactory operation. 

12. Establish a maintenance and service schedule. 

Location 

Location of the equipment must, of course, be convenient 
for the function to be performed. Usually several choices 


are possible; a position which is dry and clean and fulfills the 
initial requirement is preferable. This choice is particularly 
important for highly sensitive electronic apparatus employ- 
ing high amplification. PJquipment employing high volt- 
ages, such as an industrial x-ray unit or radio-frequency 
generators, provide more hours of operation with less main- 
tenance if environment is dry and clean. 

In ec^uipment employing plianotrons or thyratrons, 
ambient temperature at location is important unless some 
means is provided to maintain the tube-base temperature 
between the limits specified by the manufacturer. The com- 
mon limits for such tubes are from 15 to 50 degrees centi- 
grade (59 to 122 degrees Fahrenheit). The ambient tem- 
peratures which result in the above tube base or mercury 
temperature are usually from 10 to 15 degrees less than the 
figures given, because some heat is generated within the 
unit and tube, and this heat raises the temperature a few 
degrees above the outside room temperature. In other 
words, room temperature should fall between the limits of 
50 and 110 degrees Fahrenheit unless some form of tempera- 
ture control is provided for the equipment. 

Provision for access to service doors, shields, or panels is 
important. 

Power Line Voltage 

Many types of electronic apparatus function satisfactorily 
with line-voltage variations greater than plus or minus 
6 percent, but tube life usually is aflfected adversely. The 
criteria for using automatic voltage regulation are not 
sharply defined. Consultation with the manufacturer Ls 
desirable, particularly if variations in line voltage or phase 
balance exceed plus or minus 10 percent. The cost of im- 
proper operation with some processes may far outweigh the 
cost of automatic voltage regulation; or wide voltage varia- 
tion may shorten tube life, in which case a voltage regulator 
on the cathode supply only may be justified. 

Cooling Media 

Purity of cooling water is important. If its specific resist- 
ance is greater than 100,000 ohms per cubic centimeter, the 
water is satisfactory; if less than 10,000 ohms per cubic centi- 
meter, the use of a closed system with a water-to-water or 
water-to-air heat exchanger should be considered. In such 
a system distilled water or its equivalent is circulated through 
the equipment, then through the heat exchanger or radiator, 
and finally to a storage tank for recirculation. 
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The effect of impure water on tube life is described in 
Section 35-2. In addition, other serious results may be 
brought about by impure water. Precipitation in the piping 
may restrict water flow dangerously. Electrolysis is fre- 
quent; in severe cases the water line has been corroded so 
that replacement is necessary after only 3 or 4 years. This 
action does not however usually extend more than 25 or 
30 feet from the electronic unit and is most severe if high 
unidirectional voltages are employed. 

If the air is humid and the cooling water Ls cold, condensa- 
tion accumulates on the surfaces of all pipes, tube jackets, 
and other parte carrying the water. This condensation may 
decrease surface leakage resistance, or drops of water may 
fall on some electrical component and cause erratic opera- 
tion or failure. Some means of controlling temperature of 
incoming water to keep it above the dew point is then neces- 
sary. Control is rather easy in a closed cooling system, but 
in a system employing tap water and draining the exhaust 
water into the sewer, it is difficult, hence the importance of 
a dry location. 

In air-cooled equipment, the air should be as free of dust 
and chemical vapors as possible. Dust docs not affect opera- 
tion immediately, but if it is allowed to accumulate indefi- 
nitely it causes trouble by reducing surface insulation resist- 
ance or increasing contact resistance. Some cliemical vapors 
cause corrosion and increase conta(^t resistance. 

Temperature of cooling air is important in equipment 
employing mercury-vapor tubes. If it falls below 50 degrees 
Fahrenheit, the tube may fail to ionize. An automatic 
auxiliary heater is often built into eejuipment which may be 
required to operate at low temperatures. If the cooling air 
is at a temperature above 120 degrees Fahrenheit, arc-backs 
may interrupt operation. Artificial cooling is necessary 
where high ambient temperatures cannot be avoided. 

Ground Connections 

The importance of good ground connections cannot be 
overemphasized. Dependence upon conduit, power line, 
BX cable, and gas pipes for ground coimections should be 
avoided. A short length of No. 8 or 10 wire should be run 
to the nearest water pipe, or to a driven ground. In radio- 
frequency generating equipment, the ground lead becomes 
most important. The generator and the work circuit should 
be connected together, if they arc separate unite, and 
grounded by means of wide copper strap. The thickness of 
this strap need be sufficient only for freedom from mechan- 
ical damage, but the width should be from 2 to 6 inches, de- 
pending upon the length of the lead. If such equipment is 
two or more stories above ground, a large copper or tin 
sheet common to both generator and work circuit should 
be placed under the equipment and grounded at several 
points with copper strap. Grounds then can be connected 
to this ground sheet. In dielectric heating particularly, the 
length and inductance of ground leads are important. At 
27 megacycles (a conunon frequency), a quarter wavelength 
is approximately 9 feet. A lead this long may be at ground 
potential at one end and several hundred volte above ground 
at the other. If necessary to run such a long lead between 
units and ground, the ground sheet is recommended. Sev- 
•eral copper straps separated a foot or more may be used to 
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simulate a solid sheet and will reduce the effective inductance 
of the ground leads. 

Manufacturer’s Instructions 

The manufacturer probably knows his particular equip- 
ment — its virtues and limitations — better than anyone, 
hence his recommendations should be followed for best 
results. The instruction book should be read thoroughly 
before installation is started. The equipment should be 
checked as it is unpacked, for parts or connections loose or 
broken in transit. Installation wiring must be checked be- 
fore power is applied. Cathode potentials should be checked 
and adjusted if necessary before anode potentials are applied. 
In some equipment employing rectifier tubes, the rectifier 
anode connection may be removed from the tube cap if a 
separate switch is not provided to control application of 
anode voltage. When cathode potentials are being measured 
the circuit diagram should be checked to be sure dangerous 
potentials do not exist between cathode circuit and ground, 
even with anode leads removed. Mercury-vapor tubes 
should be conditioned by 15 minutes of operation with 
cathode only energized. 

Initial adjustments should be made carefully. Taps are 
fre(}uently supplied on transformers to permit line-voltage 
adjustment. Cathode voltages should be set to the specified 
values by means of an accurate voltmeter. If an a-c d-c 
circuit checker is employed, the calibration in the ranges 
used for cathode potentials should be checked against a 
reliable dynamometer or induction type of instrument. 

When adjustments have been completed, the operation as 
checked against typical operation or instrument readings 
(usually supplied in instruction books) should be close to 
the values given. Any wide deviation should be thoroughly 
investigated. 

36-2 OPERATION 

A routine servicing or maintenance schedule is probably 
the most valuable insurance for dependable operation. The 
proper period of such a schedule varies with the type of 
apparatus. Initially the schedule should call for more fre- 
quent inspection than seems necessary. As experience is 
gained the period between service inspections may be in- 
creased. 

Examinations must be made periodically to determine 
that enough of the cooling medium is being supplied, that 
water or air flow is normal and unobstructed and is at the 
proper temperature. 

A daily log of meter readings is helpful in checking opera- 
tion. Variations in adjustment or operation should be noted 
in this log to facilitate servicing. 

Overloading of equipment should be avoided in normal 
operation. Most tubes, particularly those of the hot-cathode 
type, have little overload capacity; hence overloading causes 
short tube life and questionable performance. 

36-3 MAINTENANCE 

Maintenance is primarily insurance for continued reliable 
operation of equipment. Work should be done when the 


Maintenance 
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equipment is not in service, so that it can be done carefully If the equipment is subject to vibration, however light, 


and according to a plan. 

It is necessary to know that all power has been removed 
from the equipment before maintenance work is undertaken. 
Capacitor should be discharged before they are touched 
with the bare hand. Equipment should be cool, for resistors 
or vacuum-tube envelopes may operate at a temperature 
sufficient to produce painful burns. Often the involuntary 
reaction from an accidental bum results in serious damage 
from dropped tools or displacement of components. 

Tools and Instruments 

The following tools and instruments are useful: 

1. High-resistance volt-ohmmeter. 

2. Several ranges of d-c ammeters or an instrument with 
several ranges from 10 milliamperes to 10 amperes. 

3. One-inch paint brush. 

4. Dental mirror, non-magnifying. 

5. Lint-free dust cloth. 

6. Fine-cut file. 

7. Burnishing tool. 

8. Several sizes of screw drivers and an offset screw driver. 

9. Set of open-end or box wrenches up to half-inch size, 
or a small adjustable wrench. 

10. Special tools as specified by manufacturer of equip- 
ment. 

Basic Maintenance Operations 

Maintenance work can be divided into five phases: 

1. Inspection. 

2. Cleaning. 

3. Repair or service. 

4. Lubrication. 

5. Adjustment. 

Inspection, Inspection is probably the most important 
phase of effective maintenance. Minor defects or deviations, 
if discovered early, can be corrected before major difficulties 
arise. Personnel must be completely familiar with the equip- 
ment when it is functioning normally. Inspection should be 
made by physical contact as well as by vision. 

A visual check for overheated parts should be made by 
looking for signs of discoloration, blistering, leakage of 
insulating compounds, oxidation of metal contact surfaces, 
or malformation of components. Temperature of com- 
ponents (except resistors and vacuum tubes) can be checked 
by touch. Transformers, capacitors, motor bearings, and 
wiring should not be too hot to touch comfortably with the 
palm of the hand. If temperatures are in doubt, a ther- 
mometer should be used to ascertain actual temperature. 
The maximum normal temperature of any component (except 
tubes and resistors and copper leads carrying high radio- 
frequency currents) should not exceed 90 degrees Fahrenheit 
above ambient room temperature. 

Electrical connections should be checked for temperature 
and looseness. Jerking or pulling wiring to check connec- 
tions should be avoided, for either Will eventually break 
connections. Wiring and components should be in original 
positions. 


mounting screws must be checked for looseness. Freedom 
and resiliency of shock mountings or other cushioning de- 
vices must also be checked. 

Check for leaks in water-cooling systems and clogged filters 
in air-cooled equipment. 

Tubes should not be removed from the sockets in routine 
inspection and cleaning unless evidence of trouble is dis- 
covered. Unnecessary handling of tubes imposes additional 
hazards which are normally unwarranted. 

Equipment should be inspected for cracked or chipped 
insulators and resistors; leaking capacitors, transformers, or 
reactors; cracked instrument cases or glass; and faulty indi- 
cator lamps. 

Cleaning, For routine cleaning of tubes, the instructions 
of Section 35-2 should be followed. All components, espe- 
cially insulators, must be wiped off with a clean cloth. Clean- 
ing fluid is useful in removing oil-laden dust from insulators 
and other components, but the fluid residue should be wiped 
clean wth a dry cloth. The small paint brush is useful in 
removing dust from corners and cavities. During cleaning 
any evidence of oil, water, or compound leakage should be 
checked. 

A leaking capacitor should be replaced, if possible. An 
oil capacitor may be temporarily repaired by removing the 
capacitor and soldering the leaking scam or joint. Such a 
repair should be considered temporary, although it may be 
pennanent if it is made before appreciable oil has escaped. 
The unit should be replaced as soon as passible, however, 
because the internal condition of the unit cannot be deter- 
mined. 

Transformers or other components that leak compound 
should be checked during operation for excessive tempera- 
ture rise by mounting a thermometer in contact with the 
unit. The thermometer should be placed so that it can be 
observed during operation, if possible. If overheating is 
indicated, the cause should be determined and corrected. 

Repair or Service. Loose connections should be tightened. 
The use of pliers to tighten nuts or screws should be avoided. 
A tool of the proper size should be used and the stripping of 
threads should be avoided. Screws which clamp porcelain, 
ceramic, or glass insulation or components should be tight- 
ened just to the point where the component is held firmly. 

Cracked, chipped, or broken insulator bushings or cases 
should be replaced as soon as possible. 

Relay and contactor contacts should be checked for burn- 
ing and pitting or evidence of poor contact. Many types of 
contacts are employed in electronic equipment, and manu- 
facturers usually specify special care which may be required. 
In the absence of specific instructions, it is usually safe to 
employ the burnishing tool on small contacts to remove 
small pits or slight roughness. If the burning or pit is more 
than surface deep, a fine-cut file may be used, and care 
must be exercised to maintain the original contour of the 
contact. 

Silver contacts often show signs of discoloration. If they 
are not pitted or rough, only slight burnishing is necessary. 
The discoloration is probably caused by a thin layer of silver 
oxide (tarnishing) which is a good conductor of electricity. 
This film does not affect proper relay contact. 
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Excessive filing should be avoided because some contacts 
have only a thin layer of silver or other contact alloy. The 
final smoothing should be with the burnishing tool. If the 
contact is badly deteriorated, replace it with a new con- 
tact. The use of sandpaper or crocus clcth on contacts is 
to be avoided if it is not specified by the manufacturer, 
because the abrasive elements become lodged in the metal 
and prevent proper contact. 

After the contacts are burnished or filed, the relay or con- 
tactor should be operated by hand to check for positive con- 
tact. The armature or operating mechanism should move 
freely without binding or dragging. Contacts must have 
proper alignment and correct spacing. Contact springs 
should be in good condition. 

Contact arms must be adjusted if they have been dis- 
placed during cleaning. Correct setting and proper adjust- 
ment for contactors and relays usually arc described in the 
instruction book for the equipment. 

Switch contacts which are totally enclosed arc difficult to 
check and service. A check on the physical operation of the 
switch, in which toggle action, freedom of movement, and 
amount of spring tension are noted, may indicate indefinite 
or questionable operation. 

Open switches can be (checked and their contacts can be 
serviced by a technique similar to that employed on relay 
contacts. Rotary-blade switches should be checked for 
proper contact without excessive wear of the stationary con- 
tacts. The manufacturer’s instructions for adjustment 
should be followed if operation is improper. 

Rheostats in which contact is made directly on the resist- 
ance winding should be cleaned only. Rheostats with con- 
tacts of the button type may be filed or burnished as neces- 
sary to clear burning or pitting of contact surfaces. 

Rotating machines such as blowers and pumps should be 
checked for excessive vibration, brush wear, and condition 
of commutator or slip rings. 

Luhrication. Oil should be used sparingly. Excessive use 
of oil leads to accumulation of dust, and the resulting con- 
tamination leads to early failure. Relay bearings should be 
oiled sparingly or not at all. Many contactor and relay 
manufacturers recommend no oil. Shaft bearings for 
switches, rheostats, and similar mechanical components 
may be lubricated with a drop of light machine oil. Switch 
contacts with evidence of excessive wear may be lubricated 
with a thin film of pure petroleum jelly. The excess should 
be completely removed. 

Ball bearings in variable capacitors should not be lubri- 
cated, and only a drop of oil should be applied to sleeve 
bearings if there is evidence of binding or dryneas. 

Bearings in rotating units should be greased or oiled in 
accordance with the manufacturer’s instructions. 

Adjustments. Wlien the other phases of maintenance 
have been completed, a check on all adjustments should be 
made, including; 

1. Relay and contactor adjustments for proper clearance, 
contact, or timing. 

2. Safety interlocks for proper operation. 

3. Fuses for proper rating. 

4. Indicator lamps for proper indication. 
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5. Tube-cathode voltages. If more than 5 percent from 
correct value, re-adjust transformer taps, rheostat, or other 
control device. Make allowance for line-voltage variations. 
See Section 35-1. 

6. Complete final operating adjustments as outlined in 
the instruction book for the equipment. Final instniment 
readings, dial adjustments, and performance should agree 
writh the values obtained under previous normal operating 
conditions. 

36-4 TROUBLE SHOOTING 

Location of causes for improper operation is usually not 
particularly difficult if the basic operation of the equipment 
is understood. Frequently repairs can be made without 
elaborate instruments or tools; however, a thorough knowl- 
edge of the circuits and a few necessary instruments are of 
great assistance in locating any source of trouble. 

A volt-ohmmeter with a-c and d-c voltage scales and a-c 
and d-c current scales is a particularly useful instmment. 
The voltmeter should have a resistance of at least 1000 ohms 
per volt so that circuit conditions are not disturbed by con- 
nection of the instrument. In some circuits an instrument 
of higher resistance is desirable, and for such circuits a 
vacuum-tul)e voltmeter or cathode-ray oscilloscope is useful. 

Study the schematic and wiring diagrams of the ec^uip- 
ment. If possible, the operation of the equipment should 
be observed, and the circuits or phase of operation in which 
normal functioning fails should be noted. 

A careful study of the schematic diagram then often dis- 
clases possible causes of improper operation. The wring 
diagram show s connections between components and assists 
in determining which leads must be disconnected for subse- 
quent tests. These components can be checked, or the cir- 
cuit functions can be isolated and checked for trouble. The 
volt-ohmmeter is useful in checking both circuit components 
and measurement of voltages in the circuit. High voltages 
may appear at unexpected points in the circuits of inoperative 
equipment. 

Some manufacturers supply charts or marked photographs 
in their instruction books, giving normal voltage or current 
at various points in the circuit. Such data arc useful in 
tracing or isolating faulty operation. 

If a tube appears to be the possible source of trouble, a 
replacement should be tried, or the suspected tube should be 
tested. The replacement method is probably the most use- 
ful method of checking industrial tubes, Ix^cause few" satis- 
factory testers are available. If the replacement tube does 
not correct the trouble, the original tube may be returned to 
its socket and the other components in the circuit under sus- 
picion should be checked. Wliere possible cathode and anode 
voltages should be measured. 

Resistance of all transformers and reactor windings can 
be readily checked wth an ohmmeter. Resistors, as well as 
open or short circuits in the wiring, can be checked in the 
same manner. Resistance readings for resistor units should 
be compared with the values given on the diagram or in the 
electrical parts list usually provided in the instruction book 
for the equipment. One must be sure that the readings taken 
really represent the resistance of the component under test. 


Trouble Shooting 
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Parallel paths often make it necessary to discoimect the 
wires to the component to avoid erroneous results. A capaci* 
tor may be checked for failure caused by a short circuit or 
open circuit by utilization of the high-resistance range on 
the ohmmeter. To check for an open circuit, the ohmmeter 
is connected momentarily to the isolated terminals of the 
unit. A momentary “flick” of the needle may be observed. 
If not, the ohmmeter leads are quickly reversed and their 
contacts touched to the terminals of the capacitor. A re- 
verse “flick” of the meter probably will be observed at the 
instant of contact if the capacitor is not defective. This 
method is not reliable on units of low capacitance, but is 
useful in checking units of 0.01 microfarad and larger. The 
resistance of a capacitor usually is well above 1 megohm. If 
a lower reading is obtained, a test should be made on an 
identical unit elsewhere in the equipment. The resistance of 
electrolytic capacitors cannot be reliably checked with the 
ohmmeter because they may have low leakage resistances. 
An electrolytic capacitor can be disconnected from the 
circuit momentarily, or a replacement can be made. If 
operation is changed materially by disconnection of the 
capacitor, a replacement should be tried for a positive indi- 
cation of a defective unit. 

A few items of general trouble in nearly all types of elec- 
tronic equipment are given in the following list with possible 
causes and suggested corrective measures. 


COMPLETE EQUIPMENT INOPERATIVE 


Causes 

Line switch inay be open. 

Fuses may be “blown.” 

Failure of power-supply line or 
low-line voltage. 


Corrective Measures 
Close line .switch. 

Replace fuse. 

Check with voltmeter for proper 
line voltage. 


POWER SUPPLY AVAILABLE, TUBE CATHODES ENERGIZED, 
BUT ANODE VOLTAGE NOT APPLIED 


Causes 

Time delay relay may not have 
functioned. 

Anode-power-control switch may 
not be closed. 

Equipment may be connected for 
remote control. 

Anode-control contactor may not 
be energized. 


Corrective Measures 

Wait for completion of timing 
cycle. 

Push or close anode-power-con- 
trol switch. 

Check position of auxiliary con- 
trol switches for proper posi- 
tion for operation intended. 

Check door and other protective 
and safety interlocks. Check 
control wiring and interconnec- 
tions against wiring and inter- 
connection diagrams. Check 
for broken connections in the 
contactor coil circuit. Check 
overload relays. Check volt- 
age across coil and, if present, 
noplace contactor coil. 


TUBE (\\THODES ENERGIZED, ANODE CONTROL 
CONTACrrOR CLOSED, BUT ANODE VOLTAGE NOT 
APPLIED 


Causes 

Anode supply circuit open. 


Rectifier tubes not firing (in 
equipment using rectifier tubes 
for d-c anode supply). 


CoRREcmvE Measures 

Check anode iwwer-supply circuit 
for o|Min switch or blown fuses 
and correct by closing switch 
or replacing fuse. 

Cheek air temperature near tube 
and provide heat to supply 
temperature specified in tube 
irust ructions. Check cathode 
voltage and correct if low, 
using extreme caution as high 
voltage to ground may exist. 


POWER SUPPLY AVAILABLE BUT CATHODI<:S FAIL TO LIGHT 


Corrective Measures 


FREQUENT UNSCHEDULED INTERRUPTIONS 


Causes 

Tul3e tjrpe may be such that no 
illumination is visible. Thy- 
ratrons and phanotrons often 
have shielded or enclosed cath- 
otles. 

Water supply may be shut off. 

Water interlock may be inoper- 
ative. 

Forced-air supply may be cut off. 

Air interlock may be inoperative. 

Cathode contactor may fail to 
close. 

Open connection in primary or 
secondary of cathode circuit. 

Tube cathode may be open-cir- 
cuited. 

Incorrect power-line voltage or 
frequency 

Control circuit may be open, 
missing connection or broken 
lead. 

Tubes may be in wrong socket. 

Tube may be inoperative. 


Such tubes feel warm if cathode 
is energized. Be sure anode 
volts have not been applied 
when t<juching cither glass or 
metal tubes. 

Turn on. 

Check. 

Check air supply. 

Check. 

Check interlocks in coil circuit 
and contactor coil. 

Check wiring and transformer 
windings. 

Check visually or with ohmmeter. 
Replace tube if inoperative. 

Check nameplate data against 
power line voltage and fre- 
quency rating. 

Check fuses and circuit with the 
wiring and interconnection dia- 
gram. 

Check location of tubes with 
wiring diagram. 

Try replacement tube. 


Causes 

Loose connection or broken lead. 


Equipment may be overloaded, 
tripping overload protective 
devices. 

Line voltage may be fluctuating 
excessively. 


Air or water flow may be erratic, 
tripping protective devices. 

Arc-backs in phanotron or thy- 
ratron tubes. 


Corrective Measures 

Check for loose connection. If 
lead broken due to excessive 
vibration replace with flexible 
lead. 

Reduce loading. Check adjust- 
ment of protective device. 

Check line voltage with recording 
voltmeter. Install voltage reg- 
ulator. Adjust transformer 
taps (if any) for average 
voltage. 

Correct water or air flow. Clean 
or replace filters. Check ad- 
justment of protective devices. 

Bo sure tube was properly condi- 
tioned as in Section 36*3. 
Provide forced-air cooling to 
reduce mercury-vapor temper- 
ature to value specified by 
manufacturer. Check applied 
anode voltage and, if above 
rating of tube, adjust taps on 
anode supply transformer. 
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OPERATION SATISFACTORY 
Causes 

Incorrect cathode voltage. 

Wide fluctuation in line voltage. 
Iinprojx^r care and handling. 
Excessive vibration or shock. 

Incorrect cooling. 

Overloading. 

Intermittent operation. 


BUT TUBE LIFE REDUCED 


OVERHEATED COMPONENTS 


Corrective Measures 

Check and correct if found more 
than 5 pxjrcent from rating. In 
checking cathode voltages, use 
care. Some cathodes may be at 
high voltage above ground. 

Install voltage-regulating trans- 
former. 

See St^ctions 35*1, 36*2, and 36 • 3 
for tube care and mainU^nance. 

Provide shock mounting and con- 
nect to socket and tube with 
extra flexible leads. 

Check air or water flow and 
temperature. 

Check adjustments for correct 
loading. Check anode voltage 
adjustment or taps. 

For intermittent use, tube life 
may Ix^ improved by leaving 
cathodes energized during idle 
periods of less than 30 minutes. 


Causes 
Inadequate cooling. 


Overload. 

Defective component. 


CoRREcmvE Measures 

Check and clean air filter. Re- 
move obstructions blocking ven- 
tilating louvers in cabinet. 
Chock blower-motor opc'ration 
(if used). 

Determine cause of overload and 
correct. 

Replace. 
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Absorption, of x-rays, 6, 140, 152, 509 
of yellow light, 5 

Acceleration, control of, in motor, 551 
Acids for electron scattering, 498 
Adjustments in maintenance, 667 
Admittance, electron, 93 
Advance angle, in inverter, 393 
Aerodynamic unbalance, 484 
Air-borne radar system, 658 
Air-cooled tube maintenance, 661 
Air-core transformer, 221, 395 
Air navigation by radar, 656 
Alarms, photoelectric, 636 
Alkali metals, 18, 122 
Aluminum welding, 618 
Ampere, dehnition of, 176 
Ampere’s law, 308, 377 
Amplification, of electron current in gases, 53 
of regulator system, 577, 581, 584 
Amplification factor, definition of, 62, 248 
Amplifier, bias for, 252; see also Grid bias 
classes. A, 247, 249, 255 
AB, 247, 249 
B, 247, 249 

C; 79, 247, 249, 252, 255 
constant output, 458 
definition of, 246 
direct-coupled, 252 
distortion in, 253 
equivalent circuit of triod<*, 232 
ftHHlback in, 252 
gain, measurement of, 475 
grounded grid of, 251 
inductive compensation of, 475 
klystron as, 85 
^^motorboating” in, 252 
nfuitralization of, 251 
I>ent(Kle, 191, 217, 225 
I)hase shift, measurement of, 475 
in transformer-coupled, 253 
for phototube, 628 
for power, devsign of, 192 
for power-line carrier transformer, 221 
push-pull, 216, 248 
with r(!active loa<l, 231 

for regulator, advantages of electronic tyjw, 
573, 587 
stability, 252 

transformer-coupled, 213, 246 
transformer for, 213, 217 
triodc power, 229, 231 
tuned, 247 

wave forms in, 247, 254 
Amplitude modulation, measurement of, 476 
Angstrom unit, definition of, 7, 181 
Angular position regulator, 574 
Annealing by high frequency heating, 408 
Anode, see Tubes, anodes of 
Antenna, definition of, 308 
Antenna arrays, 321, 326, 334 
Antennas, apparent feed-point resistance of, 
321 

apparent impedance of, 320, 324 


Antennas (Continued) 
apparent loop resistance of, 321, 324 
attenuation constant of, 314, 317, 324 
base capacitance of, 315, 317 
base fed, 313, 320, 324, 330, 333, 338, 341 
base im[X3dance of, 314, 317, 320, 324, 330 
broa<l-band, 336 
capacitance-loaded, 333 
characteristic impedance of, 313, 324, 339, 
341 

circular, 334 

current distribution in, 311, 321, 325, 341 
dipole, 328, 330, 333, 336 
director, 335 
driven element, 335 

driving-point impedance of, 320, 324, 328 
(‘k'ctrical radius of, 314, 317, 320 
end-loaded, 317, 326 

equivalent resistance of, 314, 324, 339, 341 

feed-point resistance of, 321 

feed-point reactance of, 321 

field intensity of, 311, 321, 326, 330, 333 

field pattern of, 311, 326, 339 

folde<l dipole, 336 

ground loss of, 331 

ground systems for, 331 

half-wave, 311, 328 

image of, 312, 328 

Krause, 335 

linear, 31 1 

loa<hHl, 317, 320, 326, 333 
long-wire, 331 
loop, 333 
losstis in, 314 

multiple-<4ement, 320, 326, 335 
mutual imixHlance of, 320 
parabolic, 335 

radiation resistance' of, 314, 320, 329, 331 

receiving, 328, 330, 334 

reciprocity theorem applied to, 327 

reflector, 335 

rhombic, 331 

st'ctionalized, 333 

self-imp<idance of, 313, 328 

self-loop impedance of, 321, 324 

self-supporting towers, 315 

shunt capacitance, 315, 317 

square loop, 334 

top-loaded, 317, 320, 326 

towvr for, 314, 317, 321, 324 

transmission line equations for, 313, 317, 321 

turnstile, 334, 337 

V tyix, 331 

vertical, 313, 317, 321, 324, 326, 330, 333 
Yagi, 336 

Anticipator circuits, 587, 590 
Anti-hunting circuits, 587 
Anti-TR lube, 646 
Arc back, 52, 348, 366 
Arc-discharge, falling characteristics of, 273 
Arc drop, 105 
Arc-furnace regulator, 596 
Arc-through, in inverter, 365 
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Artificial line, 198 
Atom, adsorbed on metals, 15 
discussion of, 3 
ionization potentials, 6 
Atomic energy levels, 5 
Atomic number, 3 
Atomic structure, 3 
Atomic theory, 3 

Atomic weight, determination of, 487 
Attenuation, in antennas, 314, 317, 324 
in carrier transmission, 449 
in w’ave filters, 192, 195 
Attenuation constant, for TE wave-guide 
mode, 295 

for TM wave-guide modt', 297 
for two-conduc!tor line, 292 
AtUmuator, compensated for stray capaci- 
tance, 168 
Austenite, 404 
AiitcMilectronic emission, 21 
Automatic gain control, 257 
Avf'rage voltage, measurement of, 457, 460 
Avogadro’s number, 1 

Bactericidal ultraviolet lamp, 172, 641 
Balancing nuwdnnes, 478 
Bandwidth, filter, 198 
Barrier, potential, 10, 16, 18, 25 
Barrier layer, 133 

Battery charger, rectifying device for, 344 

Beacon bombing systems, 655 

Beam t,ulx\s, 74, 251, 253, 257 

Beam width, radar, 647 

Bessed’s equation, 479 

Betatron, 150 

Bias, 233, 246, 252, 268, 282 
Bipotential lens, 164 
Black body, 117 
“Black-light ” lamp, 174 
Boltzmann’s constant, 8, 11 
Bombardment, positive-ion, of thermionic 
cathodes, 14 

of thoriated-tungsteii surfaces, 17 
Bores, high-frequency heating of, 392 
Bragg’s law, 521 
Braking of motor, 565 
Brazing by high-frequency hc'at ing, 402 
Bridge-balance detectors, 468, 476 
Bridge- typt* rectifier, 199 
Broadcast, standard, accuracy of frequency, 
465 

Bucky diaphragm, 144, 509, 514, 524 
Bureau of Standards, frequency broadcasts, 
464 

By-pass capacitor, 219, 251 

Candle, definition of, 136 
Candlepower, definition of, 136 
Capacitance, calculation of, in transformers 
217 

definition and description of, 180 
filter, 195, 199, 202 
in pulsi' transformers, 222 
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Capacitance [Continued) 
in transformer winding, 213, 217, 219, 221 
in vacuum tubes, 251 
Caimcitive coupling, 194, 218 
Capacitive current, 190, 193 
Capacitor charging current, 199 
Capacitor-discharge welders, 618-025 
Capacitor effect, 202 
Capacitor input filter, 199, 201 
Capacitors, charging time for welding, 620 
frequency limitation in high-frequency gen- 
erators, 376 

inductance of lejuls in, 186 
line coupling, 452 
tuning of, 189, 192, 194, 204 
tyi^es of, 180 

Carrier communication, discussion of, 442 
Carrier load control, 447 
Carrier relaying, 445 
C’^arrier sujx'rvisory eontrol, 448 
Cathode bias, 252 
Cathcxie follower, 219, 254 
(''athoiie operation, for reduced maintenance, 
659, 669 

Cathode-ray beam moilulation, 170 
Cathoile-ray oscilloscope*, see also Cathode-ray 
tube 

amplifiers in, 474 
applications, 465, 475, 477 
Cathode-ray tube*, see also Cathode-ray oscillo- 
scope 

cathode's, 162 
components of, 162 
curve plotting of, 169 
deflection systems, 166 
defocusing, 166 
electron guns, 165 
ratings, 168 
screens, 166, 474 
time base for, 276, 475 
transit-time effect, 167 
for x-rays, 146 

Catho<les, see Tube's, cathexies of 
Cavity, see Ilesonant cavity 
Cells, cuprous oxide, 133 
iron-selenium, 134 
phot-oconductive, 120, 133, 633 
photex'lectric, see Phototulx'S 
photovoltaic, 120, 133, 633 
selenium, 133 
thalofide, 133 

Characteristic line impedance, for TE wave- 
guide mode, 295 
for TM wave-guide inoele, 297 
fe^r two-conductor line, 292, 451 
(^liargc^-exmlrol circuit, for capacitor-elischarge 
welders, 621 
Charge-to-mass ratio, 3 
Child’s law, 69 
Circuit elements, 176 
C'lejck, synchronous, 464, 470 
Closed-cycle control, 572 
Coaxial line, modes of operation, 294 
Coaxial line transformer, 421 
Coils for high-frequency heating, 387 
Cold-cathode oscilloscope tube, 474 
Cold-cathode thyratron, 473 
Cold-cathode tubes, characteristics of, 55, 114 
Collisions, super-elastic, 6 
Colpitts oscillator circuit, 265, 375 
Combinations of inductance, capacitance, and 
resistance, 181, 183, 186 ^ 


Commutation, in inverter, 362 
Commutation angle, rectifier and inverter, 363 
Commutation reactance, in rectifiers, 202, 205 
Conduction loss, in high-frequency heating, 386 
Conductors, description of, 7, 176 
Cone vision, 516 

Contact difference of potential, 10, 458 
Convection loss, high-frequency heating, 386, 
438 

Coolidge tube, for x-rays, 147 
Cooling meilia, maintenance of, 664 
Corona, cleaning effect on gases, 526 
in transformers, 208 
Corpuscular theory of light, 22 
Coulomb force, 20 

Counter, see also Timer, Timing circuits 
impulse-type, 470 
for welding, 616 
Coupled circuits, 191, 194 
C^oupling, cltxie, effect of, 469 
coefficient of, 192, 227 
to load in high-frequency heating, 388 
Critical potentials of atoms and molecules, 6 
Crystal analysis, see Diffraction 
Crystals, galena, use of, 469 
ionic, 7 
molecular, 7 

piezoelectric, Curie cut, 270 
quartz, 464 
valence, 7 

Cuprous oxide cell, 133 

Current concentrator for high-frequency heat- 
ing, 395 

Current-limit control, motor acceleration, 552 

Current-limit regulator, circuit for, 594 

Cut-off, definition of, 246 

Cycloconvc'rter, 361, 369 

Cycloinverter, 361, 371 

Cy cloned i tier, 361, 370 

Cyclotron, 151 

Cylinders, high-frequency heating of, 379 

Damping ccxifficient, 579, 581 
Damping of regulator system, 583, 587 
Damping transformer, 590 
D-c motor control, advantages of, 533; see also 
Motors 

D-c transformer, 372 
D-c transmission, 372 

De Broglie wavelength of electrons, 16, 496 

Dead-zone regulator, 573, 591 

Decibel, definition of, 213, 450 

Deionizatiem, 53 

Demodulation, 258 

Density, gas, 1 

Dielectric constant, compWxreprewntation, 291 
definition of, 408 

effective, in high-frequency berating, 412 
Dielectric heating, see High-frequency heating 
Dielectric loss factor, 409 
Dielectric materials, pro|H?rties of, 180, 434 
Dielectric phase angle, 409 
Dielectric properties, mc;asuremcnt of, 409 
Differentiating circuit, 482 
Diffraction, electron, 4 
x-ray, 521 

Diffraction grating, 521 
Diode, for modulation, 258 
parallel plane, 38 
potential distribution in, 33, 37 
space-charge current in, 36 
voltage grad^ht in, 256 


Diode voltmeter, 457 
Discoloration test, 530 
Discriminator, 259 

Distortion, see also Harmonic distortion, 
Harmonics 
in amplifier, 229, 253 
detection of, 475 
of x-ray image, 510 
Distortionless line, 292 
Distributod constants in a-c circuits, 184 
Doublet, eUmiental ascillating, 309, 311, 326 
Duplexer, 646 

Dushman’s thermionic-emission equation, 12 
Dust particles, in electrostatic field, 527 
separation from gases, 526 
Duty cycle of radar transmitter, 653 
Dynamic braking, 565 
Dynamic characteristics of tubes, 229 
Dynatron circuit, 273 

hiCcles-Jordan trigger circuit, 470 
Eddy-current equation, 378 
Edge regulation, photoelectric control for, 638 
Einstein’s law of photoelectric emission, 22 
Electric and magnetic field, see Magnetic and 
electric field 

Electric-arc furnace regulator, 536 
Electrodes, for high-frecpiency heating, 416 
for welding, ()02 

Electromagnetic field equations, 377 
Electromagnetic radiation, 178 
Electroiiwignetic wave nature of electrons, 16 
Electromagnetic waves, beaming of, t’»45 
Electrometers, 460, 462 
Electron, definition of, 3 
Electron admittance, 93 
Electron lH*am, deflection of, 166, 168 
defocusing of, 166 
divergencti in x-ray tulx*, 154 
formation of, 162, 165 
in gas, 165 
recording, 166 
Electron diffraction, 4 
Electron-diffraction patt^*rn, use of, 495 
Electron emission, auto-electronic, 21 
definition of, 10 
efficiency of, 14, 17 
from energy viewpoint, 9 
field, 10, 21 
in gases, 51 

photoelectric, see Photm'lectric emission 
saturation, 20 

secondary, characteristics of, 28 
of composite surfaces, 27 
definition of, 26 
in dynatrons, 274 
from grids, 14 
effect of impurities, 27 
from insulators, 28 
of metals, 27 
in reflex klystron, 86 
effect of tempi'rature, 29 
theories of, 26 

variation with primary energy, 29 
theories of, 10 

thermionic, discussion of, 11 
from grids, 14 
from metals, 12 
from thoriated tungsten, 16 
from tungsten, 59 
types of, 10 

Electron-emission current, thermionic, 11 
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Electron emitters, 27 
Electron focusing, in betatron, 150 
in a gas, 165 
in x-ray tubes, 152 

Electron gun, for cathode-ray tubes, 162, 165 
Electron impact, 5 
Electron lens, 163 
Electron micrograph, use of, 495 
pjlectron microscope, 494-499 
PJlectron motion, in constant held, 39, 58 
in varying field, 40 

P^lectron path, in electrostatic or magnetostatic 
field, 162 

Electron stain, 498 

Electron transit time, see Transit time 
Electron volt, definition of, 5, 10 
Pilectron wavelength, 496 
Pilectronic apparatus, maintenance of, 665 
lOlectronic charge, 3 

Electronic contactor, for welding, 607, 613 
Electronic drive, see also Motors 
compensated, 549 
current^limit action in, 552, 555 
efficien(!y <)f, 569 
inversion in, 566 
power factor, 570 
selection of tubes for, 568 
with tachometer generator, 649 
voltagivregulated, 547 
Electronic microainmeter, 460 
Electronic switch, 234 
Electronics, definition of, 1 
Electrons, angular velocity of, in magnetic 
field, 42 

average energy of escape, 13 
bound, 7 

bunching of, in klystron, 84 
conduction of, 10 

cycloidal path of, in magnetic and electric 
fields, 44 

distribution of, in metals, 10 
electromagnetic-wave nature of, 16 
energy distribution of, 9 
force on, in magnetic fiehl, 41 
fret^, 7, 10, 12 

helical path of, in magnetics field, 43 

high-8pt‘ed, for x-ray, 150 

initial velocities of, 13 

int/eraction of, 91 

mass of, 1 1 

mean frt'c path of, 3 

motion of, in magnetic and electric fields, 43 

path of, in magnetic field, 42 

potential energy of, 7 

reflected, 26 

secondary, 28 

in solids, 7 

thermionic, velocity distribution, 13 
transit time of, 82; see also Transit time 
valencti of, 7 
wavelength of, 6, 16 
Pllectrophoresis, 18 
Electrostatic lens, 163 

Electrostatic precipitation, see also Precipitator 
rectifying device for, 343 
Emission, electron, see P3ectron emission 
photoelect-ric, see Photoelectric emission 
secondary electron, see Electron emission, 
secondary 

thermionic, see Electron emission, thermionic 
of x-rays, 139 
Emission equation, 12 


Emission of radiation, 5 
Emission saturation, 30 
Emissivity, definition of, 136, 385 
Emitters, electron, 10 
Energy, atomic levels, 5 
average, of (‘scaping electrons, 13 
conversion of, in a resistance, 177 
excited stata of, 6 
of ionization, 5 
normal state of, 6 

potential diagram for metal surfaces, 10 
stored in a capacitance, 176, 180 
stored in an inductancte, 176, 178 
Energy band, 5 

Energy distribution, of electrons, 9 
Fermi-Dirac, 11 
of photoelectrons, 23 
Energy levels, 6 
Energy-level diagram, 6 
Pmergy-storage welders, 618-625 
Evacuation of tubes, 65 

ICxcitation system, for mercury-arc rectifier, 
353 

Excitnm, 110, 343, 345, 348 
Exclusion principle, 8 

P'arad, d(ifinition of, 207 
Faraday’s law, 207, 377 
of induction, 309 
P'atiguc-testing equipment, 485 
Federal Communications Commission, broad- 
cast/-fre(|uency standard, 465 
P'cedback, in amplifiers, 252 

inverse, in d-c ainplifiiat ion, 458 
in microammeter circuit, 460 
in regulators, 587 
Feedback oscillators, 261, 265, 270 
Fermi-Dirac distribution, 11 
Ferrite, 403 

Field control of motor, 657 
Field emission, 21 

Filaments, tungsten, thoriated tungst»*n, 15 
Film, characteristics of, 512 
for x-ray, log-ilensity curve, 143 
Film fog, 514 
Film viewers, x-ray, 144 
Pllters, a-c line, 205 
attenuation in, 195, 199, 201 
band pass, 196, 198 
capacitor-input, 257 
capacitor ty|X', 195, 199, 201 
characteristics of, 195, 197 
constant-/^ type, 197 
current wave form of, 188, 204 
cut-off frequency of, 195, 197 
for d-c power suppli<‘s, 198 
design charts for, 196 
high-pass, 196 

inductor-input, 195, 202, 205, 212 
infrared for phototul^‘8, 630 
for key-(4ick elimination, 206 
limitations of, 197 
low-pass, 196 
w-derived type, 197 
multistage, 200 
phase shift in, 196, 218 
pi-section, 196, 218 
radio-frequency, 268 
radiography application of, 145 
for rectifiers, 198, 201, 205 
termination, 196 
transients in, 205 


Filters (Continved) 

T-section type, 195 
tuned-power-supply t 3 q)e, 204 
for x-rays, 513 

Flaw detection, supersonic, 272 
Fluorescent lamp, ultraviolet, 644 
Fluorescent serwn, characteristic^} of, 474 
Fluoroscopic 8cr(H*n, 516 
Fluoroscopy, eye adaption for, 516 
industrial, 503, 515 
medical, 503, 524 

Flux, luminous, calculation of, 136 
for soldering with high-frequency heating, 
402 

Flux-resetting recti fii^r, 624 
Footz-candle, dcifinition of, 136 
Forge- timing circuit, capacitor-discharge 
welder, 624 
Forging pressure, 618 
Forward fire of inverted, 365 
Fosterite, 208 

J*'owler-Nordheim formula, 51 
Frequency, control of, in radar systems, 649 
667 

cut-off in phototubes, 121 
measurement of, with T network, 468 
multiplication, 259 
in power-line carrier, 442 
processional, 91 

resonant, determination of, 486 
supersonic, 272 
threshold, photmdectric, 22 
translational, 91 
as affecting tulw <lesign, 81 
Frequency changer, 368 
Frequency met^'rs, 463, 468 
Frequency modulation, 256, 476, 645 
IVequency response, measurement of, 476 
relation of phase shift to, 474, 482 
Frequency stability in oscillators, 270, 272 
Frequency standards, sources of, 464 


Gain in amplifier, measurement of, 475 
phase shift relation b), 474, 482 
Gain control, automatic, 458 

for low-impedance cathode follower, 168 
Galena crystal, 469 
Gas, conduction of, 47 
current in ionized, 176 
density of, 1 
electron focusing in, 165 
pressure of, 1 
residual, ionization of, 17 
temjx'rature of, 1 
x-ray ionization of, 518 
Gas detector, photoelectric, 636 
Gas ratio, definition of, 125 
Gas tube, anode phenomena in, 52 
arc-back in, 52, 103 
arc drop in, 105 
breakdown in, 53 
cathode, indirect heater, 106 
pool- tube theory, 51 
cathode field, 51 
characteristics of, 47, 100 
clean up of, 104 
control of discharge, 55, 57 
deionization in, 53 
discharge, self-maintaining, 53 
electron emission in, 51 
grid of, 50 
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Gas tube (Continued) I 

grid space-potential diagram, 50 
inverse voltage in, 103 
ionization of, 47 
phase control of, 99 
phototubes, 125 

positive-ion space-charge sheath in, 19 
potential distribution in, 48, 62 
pressure-density curve, 54 
ratings of, 101 
as rectifying devices, 344 
Schottky effect in, 52 
space charge in, 48 
“sparking” at cathcKle of, 105 
thermionic emission in, 52 
wave forms, a-c control, 100 
Gases, kinetic tht'ory of, 1 

in mercury discharge lamp, 172 
Gee-H system, position-fixing radar, 655 
Oeiger-Mueller counter, 619 
Generators, for high frequency heating, 375 
Generator-voltage n*gulator, 576 
Glass, for transmitting ultraviolet radiation, 
172 

Glow discharge, 55 
Glow lamp, neon, 472 

Grid bias, computation of, in triode amplifier, 
233 

for control circuits, 282 
definition of, 246 
in oscillator design, 268 
types of, 252 
Grid dissipation, 80 
Grid saturation, 246 
Grids, see Tubes, grids of 
Ground, conductivity of, 313 
connections, 665 
Wagner, 468 

Ground-controlled approach (GCA), 658 
Ground fault, detection of, 477 
Group velocity, in transmission lines, 292 
in waveguides, 294 

Hall wacko effect, 116 

Hardening by high-freciuency heating, 404, 
406 

Harmonic distortion, 215, 217, 219, 221, 229, 
251, 259; see also Distortion, Harmonics 
Harmonics, see also Distortion, Harmonic dis- 
tortion 

a-c line current, 205 
in coupled circuits, 193 
effect on bridge balance, 468 
Hartree, 97 

multivibrator generation of, 277 
ripple, 200 

effect on voltmet<*r readings, 460 
Hartley oscillator, 265, 375 
Hartree line, 90, 96, 97 
Heat control, for welding, 608, 613 
Heat treating by high-frtHiuency heating, 403 
Henry, definition of, 178 
High-frequency heating, applications, dielec- 
tric, 376, 411, 429 
induction, 375, 387, 426 
of bores, 392 
brazing by, 403 
coils for, 386-393, 438 
conduction loss, 386 
convection loss, 386, 438 
conversion factors for, 438 
cycloinvcrter for, 371 


High-frequency heating (Continued) 
of cylinders, 379 

dielectric constant in, effective, 412 
dielectric-heating theory, 408 
dielectric loss factor in, 409 
dielectric materials, table of characteristics, 
434 

dielectric phase angle in, 409 
discussion of, general, 375 
economics of, 425 
electrodes for, 416 

examples of, numerical, for magnetic and 
non-magnet ic materials, 398 
for plastic preforms, 421 
for plywood bonding, 423 
for rayon drying, 423 
flux for soldering, 402 
foniiulas for, general, 438 
frt^tiuency selection, 376, 411 
hardening by, 404, 406 
heat treating of metals, 403 
induction-heating theory, 377 
inductor blocks for, 392 
load circuits, 376, 394, 412 
load coupling, 388 
loss factor of dielectrics, 434 
magnetic field distribution, 383 
magnetic shielding, 390 
matching networks, 414 
networks iiivolvtHl in, 394, 414 
oscillators, tubes for, 376 
penetration of current, 378 
pow’er factor involved, 393, 395, 409, 412, 416 
power of generators available, 377 
proximity, 377 
quenching, 407 
radiation loss, 385, 438 
shadow effect, 389 
shielding, magnetic, 390 
skin effect, 378 
of slabs, 381 
soldering by, 400 
spark-gap oscillators, 375 
thermal conductivity, table for metals and 
dielectrics, 433 

thermal ixiwer n'ciuircunents, 384, 438 
Hot-cathode tubes, characteristics of, 106 
Hull, cut-off curve or envelop^*, 89 
magnetron, 87 

space-charge boundary, 91, 96, 97 
Himting of regulators, 573, 583 
Hysteresis loss, 378 

Iconoscope, description of, 132 
Ignitors, 56, 111 

Ignitron, see aLso M<?rcury-arc rectifier. Mer- 
cury vafKir tubes. Excitron 
anode, auxiliary. 111 
application of, 343, 345, 534 
care of, 661 
initiating circuits, 289 
for motor control, 634 
ratings of, 110 

for resistance w'elding, 111, 288, 607 
test of, 663 
voltage of, 111 
Imagc-disscctor tube, 132 
Image force, 20 
Imago Iconoscope, 132 
Images, of antennas, 312 
Immersion lens, 164 
Impact, electron, 5 


Impedance, input of transmission line, 294 
mutual, 320 

surge, of transmission lines, 419 
transfer, 327 
Impedance chart, 299 
Impedance-matching transformer, 213 
Impulse circuits, 285; see also Timer, Timing 
circuiU 

Impulse counttir, 470 
Indicators, radar, 649 

Inductance, definition and description of, 178 
Inductance, capacitance, and resistance, sec 
Combinations of 
Induction field, 309 

Induction heating, see High-frequency heating 
Inductor blocks for liigh-frequcncy heating, 392 
Inductors, 212 

Inherent filtration in x-ray tubes, 152 
Inspection, in maintenance, 666 
by x-rays, 142 

Instruments, for maintenance, 666 
Insulators, 7, 28 
Intensifying screens, 513 
Inverses f(;edback, see Feedback 
Inverse^ square law, for x-rays, 138, 142, 146, 
156 

Invei-sc^ voltage, in gas tub(»8, 103 
Inversion, in rectifier drives, 666 
wave forms, 100 
lnvertt‘r, ailvance angle, 363 
applications, 365 
arc-back, 366 
arc-through, 365 
commulat ion, 362 
definition of, 361 
faults, 365 
forward-fire, 365 
fre(iuency limitations, 361, 364 
for frequency meter, 467 
ignition angle, 362 
margin angle, 363 
misfire, 365 

parall(4-(!apacitor tyixj, 364 
ratings of, 364 
reg<*neration with, 366 
wlf-excited, 364 
separately excited, 362 
series-capacitor tyj)e, 364 
theory of o|s;ration, 361 
Ionic crystals, 7 
Ionization, by collision, 619 
cross sect ion for, in a gas, 7 
cumulative, 47 
in gas tulx?s, 17, 47 
mean free path for, 6 
of mtjrcury vapor, 7 
metastablc, 47 
photo-, 5 
probability of, 47 
by x-rays, 618 
Ionization energy, 5 
Ionization function, 7 
Ionization potential, 6 
Ionized space, conduction through, 47 
Ionizing powder, of x-rays, 618 
Ionosphere, 337 

Ions, focus of in mass spectrometer, 487 
motion of, in magnetic and electric field, 46 
negative, 6 
positive, 3, 6 
Iris, resonant, 87 
Iron-iron carbide diagram, 403 
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Iron-selenium cell, 134 
Isotopes, in mass spectrometer, 488 

Kenotron, 343, 662 
Klystron, as amplifier, 85 
description of, 83 
frequency control of, 648, 667 
Konal, 18 

Langmuir curve, 89 
Langmuir-Child equation, 36 
Ijaplace’s equation, 35 
Laplacian, 378 

Larmor angular frequency, 01 
Lattice, body-centered cubic, 403 
face-centered cubic, 7, 403 
lx^cher wire, 469 
1x;nard tube, for x-rays, 146 
I^ns, electron, 163, 497 
Line traps, in power-line carricT, 464 
Line-tuning units, 454 
Light, absorption of, 5 
corpuscular theory of, 22 
definition of, 135 
wavelength of, 135 

Lissajous figure, use in cathode-ray oscillo- 
scope, 466 

Ijoad controller, for power-line carrier, 447 
liOad coupling in high-frequency heating, 388 
Logarithmic vtiltmctcrs, 458 
Loop regulation, photoelectric control for, 639 
Loran, 655, 658 

Ixiss factor, in dielectric materials, 180, 434 
Lubrication of electronic apparatus, 667 
Lumen, definition of, 135 
Luminous efficiency, definition of, 1 35 

Machine time constants, 576, 680, 584 
Magnetic and electric field, electron motion in, 
43 

ion motion in, 46 

Magnetic-energy storage welders, 618, 625 
Magnetic field, electron action in, 41, 163 
Magnetic field distribution in high-frequency 
heating, 383 
Magnetic leiw, 164 

Magnetic shielding in high-frequency heating, 
390 

Magnetostriction oscillators, 272 
Magnetron oscillator, cut-off characteristics of 
cylindrical type, 46 
discussion of, 87, 646 
equivalent-circuit representations, 92 
operational diagrams for, 93 
scaling of, 95 

static charac!U*ristics of, 89 
symmetric, dynamic characteristics, 90 
Maintenance, air-cooled tubes, 661 
discussion, general, 664 
effects of tempcirature, 661, 665 
tosting involved, 667 
water-cooled tubes, 661 
Maher effect, 27 
Marine radar, 656 
Mass spectrometer, 487-494 
Matched termination of transmission line, 
reasons for, 293 
by three-screw tuner, 305 
by three-stub tuner, 303 
Matching networks for high-frequency heat- 
ing, 414 

Maxwcll-Boltzmann distribution functions, 12 


Maxwellian distribution of velocities, 2, 13, 49 
Maxwell’s equations, 308 
Mean free path, of electron, 3 
for ionization, 7 
of molecule, 2 

Mechanical time constant in regulation sys- 
tems, 679, 585 
Meissner oscillator, 266 

Mercury-arc rectifier, see also Excitron, Igni- 
tron, Rectifier 
application of, 343, 345 
arc-back, 348 

control and protection, 352 
cooling systems, 355 

d-c voltage, characteristics and control, 369 
efficiency, 358 
excitation systems, 353 
harmonics, 349 
overload ability, 349 
paralleling of unite, 348 
power factor, 358 
ratio, a-c to d-c current, 349 
reverse power absorption, 349 
transformer connections, 351 
vacuum systems, 367 
voltage surges of, 104, 349 
Mercury vapor, discharge, relative intensities 
at different pressures, 172 
energy-level diagram, 6 
ionization of, 7 
spectrogram of discharge, 171 
Mercury-vapor tubes, cathode operation, 659, 
662 

conditioning of, 662 
cooling of, 104, 662 
op<?rating temperature, 660, 662, 664 
voltage surges, 104, 349 
Metals, adsorbed atoms of, 15 
alkaline-earth, 18, 122 
characteristics, t4ible of, 433 
crystalline structure of, 403 
fatigue-testing of, 485 
radiograph of castings of, 604 
Mctastablc stat4?8 of energy, 6 
Mcte?ring, demand over carrier channel, 449 
Microammeter, 460 
Microradiography, 503, 507, 509, 520 
Microscope, electron, 494-499 
Microwave radar, 645 
Misfire of inverter, 366 
Modulation, in amplifiers, 79, 196, 217, 265 
amplitude, 445, 476 
frequency, 445, 476 
grid-bias amplitmle, 443 
measurement of, 476 
single-sicleband, 445 
transformer, 217 
types of, 255, 445 
Mole, definition of, 1 
Mole fraction, 489 
Molecular crystals, 7 
Molecular diameter, 6 
Molecular velocities, 2 
Molecular weighty 1 
Molecule, mean free path of, 2 
Monochromatic radiation, x-rays, 144 
Motion study, high-speed machinery, 471 
Motor spe<id regulator, 578 
**Motor^ating,” 262, 476 
Motors (supplu^l by rectifi(*r), acceleration 
control, 651 

armature current, average value of, 539 


Motors (Continued) 

continuous, 536, 540, 562 
discontinuous, 536-539, 562 
form factor of, 564, 668 
peak value of, 562 
nils value of, 664 
wave shafx^ of, 637, 664, 562 
armature-current pulse, 637 
armature of, equivalent circuit for, 636 
inductive voltage drop in, 641 
terminal voltage of, 539 
voltage, regulated for, 647 
voltage drop in, 539, 640- 642 
armature-voltage control, 546 
armature-voltage drop, calculations of, 639 
graphical analysis of characteristics of, 640 
ratings of, 534 
speed control of, 534 
spccd-tor(iiie character is tiers, 542-545 
torque factor, 543 

tubes, for control of, 534, 561, 562, 568 
voltage-torque characteristics, 544 
Mot-o-trol, 345 

Multianode pool-tyi>e tubes, 110 
Multicolor press register regulator, 591 
Multiplier phototube, 130 
Multivibrator, 259, 277, 464, 473 
Mutual conductance, 248, 255, 257 
Mutual inductance, 192, 221 

Negative ions, 6 

Negative-resistence oscillators, 261, 273 
Nef)n glow lamp, 472 
Neon thyrat ron, 473 
Networks, anticipator, 687, 590 
anti-hunting, 587 
bridged T, 468 
equivalent T for, 327 
in high-frequencry healing, 394, 414 
mesh equations for, 320, 324 
phascr-shift measurement in, 475 
reciprocity theonrm for, 327 
unbalance calculation in, 480 
Neutralization of amplifier, 251 
Neutron, 3 

Nucleus, discussion of, 3 
disintegration of by bombardment, 161 

Ohm, definition of, 176 
Open-cycle control, 572 
Optical systems, for phototubes, 630 
Optics, electron, 496 
Orthicon, description of, 132 
Oscillations, build-up of, 263, 275 
comlitions for, 224 
parasitic, 252 

in regulater systems, 573, 683 
Oscillators, circuits for, 261-277 
class C ojx^ration, 266, 267, 270 
classification of, 261 
Colpitts, 265, 375 
crystal-controlled, 464 
definition of, 361 
fmlback, 261, 266, 270 
grid bias in, 268 
Hartley, 265, 375 
for high-frequency heating, 373 
klystron as, 86 

magnetron as, see Magnetron oscillator 
magnetostriction, 273 
Meissner, 265 

negative resistance, 26 L 273 
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Oscillators (CorUintted) 
operating efficiency of, 267 
piezoelectric crystal for, 270 
for power, 265-270 
push-pull circuit for, 270 
relaxation, 261, 275 
resistance-tuned, 234 
spark-gap, 375 

transformer-couple<l, blocking, 226 
class B, 220 
class C, 221, 227 
transit time in, 262 
tuned-grid ty|>e, 265 
tuned-plate tyjK*, 265, 270, 375 
Oscilloscope, see Cathode-ray oscilloscope 
Overheating of electronic apparatus, 666, 669 
Overload capacity of tubes, 659, 664 
Oxide-coat<Hi cathodes, 18, 62, 65 
Ozone, generation of in precipitator, 528 

Pancake coil for high-frequency heating, 392 
Pa|)er-mill speed regulator, 595 
Parallel-tuned circuit, 184, 376, 395 
Parasitic oscillations, 252 
Peak voltage, measurement of, 457, 459 
Peaking circuits, 285; see also Transformers, for 
peaking 

Penetration of current in high-frequency heat^ 
ing, 378 

Pentagrid converter, 75 
Pentode, 74, 458 
Pentode amplifier, 191, 217, 225 
Periodic table, 4 
Pernmtron, 57 

Permeability, effective in high-frequency heat- 
ing, 380 

table of, for principal core steels, 209 
Persistence, oscilloscope screen, 474 
Phanatron, 279, 343, 534, 557, 660, 662 
Pliase angle, measurement of, 478, 482 
in resistance-welding control, 608 
in transformers, 218 
in tuned circuits, 188 
Phase control, in a-c power conversion, 99 
Phase modulation, detection of, 476 
Phase shift, in amplifiers, 253, 474, 478 
in artificial lines, 198 
circuits for, 283 
in filters, 196 
in klystron, 85 
measurement of, 475 
relation of gain to, 474, 482 
Phosphors, 166 
Photocell, definition of, 120 
Photochemical reaction, ultraviolet effects, 641 
Photochemistry, 503, 523 
Photoconduct ive cell, 120, 133, 633 
Photoelectric absorption of x-rays, 141 
Photoelectric alarms and safety devices, 636 
Photoelectric cell, see Phototubes 
Photoelectric control, 628 
Photoelectric controller, 634 
Photoelectric current, dynamic response, 118 
linearity of, 116, 128 
saturation, 125 
stability, 128 

Photoelectric edge control, 638 
Photoelectric effect, definition and fundamen- 
tal laws, 116 

Photoelectric emission, characteristics of, 22 
direction of, 117 
Einstein's law for, 22 


Photoelectric emission {Continued) 
electron velocity in, 117 
effect of electrostatic fields on, 24 
fatigue, 122, 130 
fundamental laws of, 1 16 
effect of light intensity on, 22 
maximum energy of, 117 
maximum wavelength of, 117 
spi'ctral distribution curve, 23 
effect of Uunperature on, 130 
theories of, 24 
time lag in, 128 
Photoelectric gas detector, 636 
l*hot<Hdectric measurement, 637 
Photoelectric optical systems, 631 
Photoelectric register regulator, 639 
Photoelectric regulation, 638 
Photoelectric reajmnse, 123 
Photoeh*ctric tin rt^flow regulator, 640 
Photoelectric tubes, see Phototulx^s 
Photoelectric width control, 637 
Photoelectric work function, 22, 121 
Photofluorography, 503, 509, 517, 520, 524 
Photoglow tub<% 131 
Photo-ionization, definition of, 5 
Photometric quantities, definitions of, 135 
Photomultiplier tube, 520 
Photosensitive devices, classification of, 120 
Photosensitive surface, as affected by current 
density, 130 
designation of, 123 
ultraviolet, 122 
Phototulws, amplifier for, 628 
applications, 634-640 
background illumination, 632 
care of, 663 

compared to human eye, 628 

current- voltage characteristics, 125 

definition of, 120 

fatigue of, 122, 130 

frequency response, 128 

gas-filled, 125, 633 

gas ratio, 125 

glow voltage in, 125, 128 

installation of, 633 

interelectrode capacitance, 120, 130 

leakage in, 120, 129 

light sources for, 632 

load impc'dance for, 628 

load line of, 127 

maximum amlnent temperature, 632 
maximum op^'rating voltage, 633 
microphonicH in, 120 
for multicolor press, 592 
multiple reflections in, 120 
as multiplier, 131, 520 
optical systems for, 630 
ratings of, 126, 130 
saturation current, 125 
sensitivity, 129, 131, 630, 633 
spectral characteristics, 629, 633 
storage of, 663 
surface preparation, 121 
thermionic currents in, 129 
in thyratron-tube circuit, 629 
time lag in, 128 
types of, 120 

for ultraviolet-radiation measurement, 174 
in vacuum-tube circuit, 628 
vacuum-type, 128 
in x-ray applications, 520 
Photovoltaic cell, 120, 133, 633 


Photovoltaic effect, 133 
Piezoelectric crystal oscillators, 270 
Pilot protection, 446 
Pin-hole detector, 635 
Planck's constant, 5, 138, 495 
Planck’s law, 118 
Plasma, description of, 49 
Plastic pre-forms, high-frequency heating of, 
421 

PlaUvmodulated class C amplifier, 79 
Pliotron, 75, 79, 662 
Plugging, for braking, 565 
Plywood bonding by high-frequency heating, 
423 

“Poisoning” of cathodes, 660 
Poisson’s equation, 34 
Polarization, definition of, 408 
Pool-type tubes, 48, 51, 345 
Position-fixing radar, 655 
Position regulator, 574, 580, 591 
Positive ion, bombardment of thermionic 
cathode, 14 

conduction to electrode, 48 
current, 51 
definition of, 5 
sheath, 50 

space-charge sheath, 19, 21 
Positron, 3 

Potential, contact difference of, 10 
ionization, 5 

Potential gradient, definition of, 33 
Power factor, of dielectric materials, 180 
in high-frequency heating, 393, 395, 409, 
412, 416 

in rectification, 100 
effect on transients in welding, 606 
Power-line carrier, discussion of, 442 
lessees in, coupling capacitor, 452 
line, 451 

transmission line, compared to power-trans- 
mission line, 450 

Power transfer, maximum in inductively 
coupled circuits, 192 
Precipitator, single-stage, 528 
two stage, collector cell for, 529 
description of, 528 
efficiency of, 530 
ionizing unit for, 529 
power pa<5k for, 529 
rectifying device for, 343 
Precipitron, applications of, 530 
automatic washer for, 528 
theory of, 526 

Pressure-density curve for gas tulx's, 54 
Pressure units, table of, 1 
Printing press regisU^r regulator, 591 
Progressive hardening by high-frequency heat- 
ing, 407 

Projection welding, 604 
Propagation constant, definition of, 290 
of TE mode, 295 
of TM mo<ie, 297 
of two-conductor line, 290 
Propagation of radio waves, 337 
Proportional regulator, 573, 575, 582 
Protons, 3 

Proximity heating, 382 
Push-pull oscillator, 270 

Q, of crystals, 272 
formula for, 180 
of resonant cavity, 83 
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Quantum mechanics, 4 
Quantum theory, 496 
Quantum yield, 117 
Quarter-wave resonance, 186 
Quarter-wave transformer, 303 
Quenching, in high-frequency healing, 407 

Race timer, 471 
Radar, anti-TR tube, 646 
applications of, 666 
beam width, 647 
continuous wave, 646 
discrimination, 646, 652 
duplexer, 646 
duty cycle, 653 
frequency-modulation, 645 
indicators, 649 

operation of typical microwave system, 645 

position-hxing, 656 

power involved, 662 

principle of, 645 

pulse modulation, 646 

pulse width, 652 

radiator gain, 653 

range, 662, 654 

reflecting target area, 653 

n?pctition frequency and interval, 653 

scanning, 662 

simii-conductor prolx^ rectifier, 647 
signal differentiation, 645 
signal rectification, 648 
signal-to-noise ratio, 654 
synchronizer, 646 
TR tube, 646 

Radiant energy, definition of, 117, 136 
measurement of, 1 19 
sources of, 119 
spectrum, 118 

Radian t-<mergy density, definition of, 1.36 
Radiant flux, definition of, 136 
Radiant-flux density, definition of, 136 
Radiant intensity, definition of, 136 
Radiation, electromagnetic, 178 

loss in high-frequency heating, 385, 438 
ultraviolet, 5, 171, 174, 642, 644 
x-ray, 6 

Radiation constant, Planck's, 22 
Radiation field, antennas, 310 
Radio interference, 205 
Radioactive materials, 3 
Radiogenetics, 503, 525 
Radiography, see also X-rays, X-ray tubes 
Bucky diaphragm, use* in, 144 
character ist ics of, 511 
contrast in, 142 
filters, use in, 145 
industrial, 606, 51 1 
latitude of exposure's in, 144 
log-<lensity curves, 143 
masking of specimens in, 144 
medical, 603, 523 
quality of, 142, 146 
scattering in, 140, 144 
ultrahigh-speed, 608, 616 
Rayon drying by high-frequency heating, 423 
Rectifier, see also Mercury-arc rectifier, Igni- 
tron, Excitron, Pool-type tubes 
angle of ignition and extinction, 637 
applications, 238, 241 
arc drop, 636 
balancing inductors, 242 
blocking circuit for, in welding, 622 


Rectifier {Continved) 
capacitor-input filter, 201 
characteristics of t 3 rpical dry-type, 177 
commutation, 244 
commutation angle, 363 
commutation reactance, 202, 206 
conduction of, continuous, 636, 640, 662 
criterion for, 640 
discontinuous, 636-639, 662 
control of, 636 
copper oxide type, 177 
current capacity, 240 
definition of, 236, 343 
for electrochemical service, 345 
Excitron as, see Excit,ron 
filters for, 199, 212 
for flux-resetting in welding, 624 
full-wave, 199, 203, 212 
grid-controlled, 206, 243, 343, 620 
half-wave, 199, 202, 204, 212 
ignitron as, see Ignitron 
for industrial service, 346 
load resistance of, 201 
for motor control, 635; see also Motors 
overload capacity, 348 
phase control, 99 
phases, effect on ripple, 199 
|K)Wcr factor, 100 
power losses in, 244 
for railway and mining service, 346 
ratings for motor control, 662, 568 
regulation, 201, 206 
for resistance wielding, 619, 624 
ripple voltage, 199, 205, 212 
sfdenium ty|)e, 177 
siTies-rcsistance, 200, 203 
single-phase, 199, 202, 204, 212, 237 
six-phast; double-wye, 241 
theory of o|x^ration, 236, 241 
three-phase, 46, 203, 2.39 
voltage regulation, 239 
wave forms, 9^) 
for x-ray equipment, 524, 529 
Rectifier dt^vice, comparison of multianodc and 
single-anode mercury-arc tyix*, 346 
comparison of sc'aled and pumped mercury- 
arc types, .343 
definition of, 343 
pool-cathode gas type, 346 
for radio transmitters, .344 
tliermioniocrathode gas type, 344 
thermionic-cathode vacuum type, 343 
Rectigon, 343 

Rc'flccted waves, due to loads, 293 
Reflection c’CM?fficient, definition of, 293 
relation t.o standing-wave ratio, 298 
Reflex klystron, 86 
Regeneration with inverters, 366 
Regenerative braking, 565 
R(?gister regulator, 691, 639 
Regulation, closed-cycle, 672 
of generator voltage, 576 
of motor spcied, 551, 669, 678 
Regulation system stability, Routh’s criteria, 
683 

Regulator, angular frequency of, 683 
of angular position, 674 
anticipator circuits for, 687 
anti-hunting circuits for, 687 
applications, 691 
for arc furnace, 696 
characteristics, 682 


Regulator (Continued) 
components of, 672 
current-limit circuit for, 594 
damping in, 684, 687 
dead-zone typ<i, 673 
error detectors, 572, 581 
feedback circuits, 587 
hunting, 661, 573, 583 
leakage currents, 695 
multicolor press register, 591, 639 
on-off type, 573 
oscillations, .573, 584 
photoclcctricMMlge type, 638 
principle of, 548 
proportional type, 573, 575 
register type, 591, 639 
response, 583 

for sf^ctional pa|X'r mill, 695 
stability, 683 
stiffness, 581 
types of, 573 

w’ind-tunnel speed type, 693 
Regulator-system amplification, 679 
Regulator-system damping, 649, 583 
Regulator-system equat ion, 677, 681, 684 
Relative emissivity, definition and table, 385 
Relativity, theory of, 495 
Relaxation oscillators, 261, 275 
Replicas, of surfaces, 497 
Rc'aistance, high, measurement of, 463 
at high frequencies, 386 
increase in, due to skin effect, 177 
linear and other forms, 176 
radiation, 178 
specific, 176 

Resistance and capacitanas see Combina- 
tions of 

Resistance and inductance, see Combinations 
of 

Resistance W'elding, see also Welding 
control for, 599 
ignitroiLs for, 112, 607 

Resistor, typical wire-wound and composition, 
177 *^ 

Resolution, of electron microsco{H*, 495, 498 
of nuiss spectrometer, 488 
Resejnanee, frequency for, determination of, 486 
of parallel circuits, 184 
response' curve for inductively coupled cir- 
cuit, 192 

of st»ries circuit, 183 
in short transmission lines, 301 
Resonana^ level, 5 
Resonant cavity, in klystron, 82 
Q of, 83 

wavelength measuR'inent in, 470 
Resonant circuits, 188, 508 
Resonant iris, 87 
Resonant window, 87 
Resonator bar, in fatigue testing, 487 
Restoration of ino|X'rative tulxs, 663 
Richarflson’s thermionic-iunission e(|uation, 12 
Rieke diagram, 93 

Ripple, see Harmonics, Harmonic distortion 

Rms voltage, measurement of, 460 

R(xl vision, 616 

Rwmtgen, definition of, 138 

Rotation, measurement of speed of, 471 

Rotational fluoroscopy, 517 

Rototrol, 594 

Routh’s stability criteria for regulator systems 
683 
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Safety devices, photwlectric, 636 
Saturation, electron emission, 20 
of grid, 246, 250 
photoelectric currc'nt, 125 
Scaling of magnetrons, 95 
Scanning, radar, 652 
Scattering of x-rays, 140, 144 
Schott ky effect, 20^ 69, 152 
Schumann region of the ultraviolet, 171 
Screens, calcium tungstate, 513 
for cathode-ray tubes, 162, 166 
Seals, for vacuum tubes, 65 
Seam winding, 603, 617 

Secondary electron emission, see Emission, 
secondary electron 

Secondary electron emitters, types (»f, 27 
Secondary emission yield, 26 
Secondary radiation, 508 
St‘lenium, x-ray effect on, 518 
Selenium cell, 133 
Semi-conductors, 7 

Sensitivity, see also Spectral sensitivity 
in RLC circuit, 183 
in x-ray inspection, 511, 517 
Series resonant circuits, 188 
Shadow effect in high-frequency heating, 389 
Sheath, positive-ion, 50 
Shield, magnetic, 207 
Shield grid of thyratron, 107 
Shielding, magnetic, in high-frequency heating, 
390 

in transformers, 219 
from x-rays, 513 

Short circuit in coils, detection of, 477 

Singlcv^iideband transmission, 256 

Skin effect, 177, 378 

Slabs, high-frequency heating of, 381 

Slater’s reduced variables, 95 

Slide-back voltmeter, 459 

Smith chart, circular, 299 

Soldering by high-frequency heating, 400 

Solids, electron theory of, 7 

Sound-wave velocity, 2 

Space charge, current calculation of, 34, 36, 69 
in gas tubes, 48 
potential variation with, 34 
rotating, 91 
Space-flow current, 69 

Spark-gap oscillator for high-frequency heat- 
ing, 375 

'^Sparking” at cathode of gas tulx;s, 105 
Specific gravity, tables of, 433 
Specific inductive capacity, table, 180 
Spectral distribution, metal surfaces, SI, S2, 
S3, S4, 122 

phoUxdectric emission, curve for, 23 
Spectral emissivity, definition of, 119, 136 
Spectral radial energy, definition of, 136 
Spectral response, 122 
Spectral sensitivity, 123, 133 
Spectrogram of mercury- vapor discharge, 171 
Spectrometer, 487-494 

Speed measurement, by counter electromotive 
force, 580 

by tachometer generator, 578 
Speed regulation, 578 
Spot welding, 600, 609 
Stabilizing circuits, for rectifiers, 587 
Stain, electron, 498 
Standing waves, discussion of, 293 
on electrodes in high-frequency heating, 417 
Standing-wave detector, 298 


Standing-wave pattern, analysis of, 301 
Standing-wave ratio, in transmission line, 293, 
297 

Stefan-Boltzmann law, 1 18 
Steinmetz, hysteresis-loss equation, 378 
Stokes’ theorem, 309 
Stroboglow, 473 
Stroboscopes, 471, 481 
Strobotron, 473 

Stub tuner for transmission lines, 303 
Sun lamp, 174 
Super-elastic collisions, 6 
Supersonic flaw detection, 272 
Supersonic frequency generation, 272 
Supervisory control, |)ower-line carrier, 448 
Surface tension, effect on soldering by high- 
frequency heating, 401 

Susceptance variation, method of measuring 
dielectric properties, 409 
Susceptibility, definition of, 408 
Sweep generator, 168 

T network, 468 

Tachometer-generator speed measurement, 578 
Tachometer-generator type of electronic drive, 
559 

TE modes in wave guides, 294 
Telegraph cable, submarine, 292 
Telemetering, 446 
Telephone interference, 220 
Telephone line, inductive loading, 292 
TEM modes in transmission lines, 294 
Tetrcxle, Ix'am ty|H*, 74, 251 
characteristics of, 72 
Thalofide cell, 133 
Thermal conductivity, table, 433 
Thermal noise, 654 

Thermal power in high-frequency heating, 384 
Thermionic catho<le, see Tulx»8, cathodes of 
Thermionic emission, see Electron emission, 
thermionic 

Thoriated tungsten, 15, 17, 60, 660 
Thorium, rate of diffusion, 16 
Three-stub tuner, 303 
Threshold frequency, photoelectric, 22 
Thyratron, applications of, 279, 343 
basic circuits, 280 
characteristics of, 107, 281, 546 
cold-cathode, 473 
neon-filled, 473 
for phototube amplifier, 629 
as rectifier for motor control, 535 
in relaxation oscillator, 276 
shield grid of, 107 
‘•shockover” in, 280 
storage of, 662 
Time-base generator, 168 
Time constant, definition of, 182 
Time constants in regulator systems, of arma- 
ture circuits, 579, 584 
general, 584, 587 
of generator field, 576, 585 
mechanical, 579, 585 
of motor field, 580 

Time delay, in photoelectric controller, 629 
in regulator systems, 574, 585 
Time-delay circuits, 4'J7, 609, 629 
Time-delay control, motor acceleration, 552, 
554 

Time intervals, method of measuring, 470 
Timer, calibration of, 471 
race, 471 


Timing circuits, 286, 613, 616 
Tin-lead alloys, 400 

Tin reflowing, photoelectric control for, 640 
TM modes in wave guides, 294, 297 
Tools for maintenance, 666 
Townsend avalanche, 519 
TU tube, 646 

Transconductance, definition of, 229 
Transformers, air-core typo, 221, 395 
for amplifiers, class B, 216, 218 
equivalent circuit, 213, 221, 226 
frequency response of, 213, 218 
high-frequency, 221 
power input, 218 

transformer-coupled, 213, 221, 225,246,253 
turns ratio in, 213, 249 
anode type, for rectifiers, 212 
audio-amplifier type, 213 
audio-oscillat.or iyix‘, 220 
backswing voltage, 224, 227 
blocking-oscillator type;, 226 
breakdown voltage, 209 
capacitance, of air-core type, 221 
calculation of, 217 
effective, 215, 217 
of filament type, 211 
of pulse type, 222 
of winding, 217 

coil, mean length of turn, 210, 217 
coil impn;gnation, 208 
coil interleaving, 217 
coil orientation, 219 
coil section, 216 
coil treatment, 208 
core, area of, 210, 216 
length of, 210, 216 
losses in, 210, 220 
material used, 209 
permeability of, 226 
saturation of, 207, 209, 217 
con; gap, 207, 210, 212, 216, 220 
core type, 207, 216, 219 
(rorona in, 208 
creepage distance, 208 
damping, 590 
d-c, 372 

distortion in, see Harmonics, Harmonic dis- 
tortion 

driver type, 219 
eddy currents in, 220 
enclosure of, 209 
equivalent circuit of, 213, 218 
exciting current, 209, 221, 224 
fmlback in, 590 
filament type, 21 1 
flux in, time variation of, 207 
flux density, see Transformers, induction 
flux path, 212, 220 
frequency characteristics, 213 
gap, see Transformers, core gap 
harmonic distortion in, see Harmonic distor- 
tion 

heat dissipation in, 209 
for high-frequency heating, 395 
hum reduction, 219 
hysteresis loop, 226 
impedance, open-circuit, 225 
for impedance matching, 213 
incremental permeability, 210, 216 
induced voltage, 207, 219 
inductance of, calculation of, 217 
formulas for, 216 
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Transformers, inductance of (CarUinued) 
leakage, 214, 216, 219, 221 
mutual, 221 

open-circuit (OCL), 213, 216, 218, 220, 
222, 226 

reactor, 212, 218 
induction (B) curve, 210 
insulation, 208, 211, 217 
lamination, 207, 221, 226 
leakage flux, 219 
leakage reactance, 212 
liitzendraht cable for, 221 
losses, 210, 213, 220 
magnetic field of, 220 
magnetic shunt, 212 
magnetizing current, 215, 219, 225, 254 
magnetizing force (H), 210, 212, 225 
modulation type, 217 
non-linear load of, 219, 221, 225, 227 
for peaking, 227, 286, 613 
in pentode amplifiers, 217 
in power-line carrier amplifier, 221 
pulse tyiie, 221 
in push-pull amplifiers, 216 
ratings of, 207 
rectangular pulse, 222 
for rectifier drives, 569 
regulation of voltage, 201, 209, 212 
saturation of, 207, 210 
sawtooth type, 226 
shell typci, 207, 216 
shielding of, 219 
size of, 208, 219 
step-down type, 217, 225 
8U?p-up type, 217, 221 
time constant in pulse type, 222, 224 
for transmission line, quart«*r-wave, 303 
varnish iised in construction of, 208 
vid<io type, 221 
for wielding, 623 

windings of, capacitance of, 214, 221 
concentric, 214, 221 
multi-, 207, 211 
reactance of, 214 
resistance of, 213, 222 
single-layer, 217 

Transients, damping of, in RLC circuits, 182, 
186 

in filters, 205 
in keying, 187 
in regulators, 582, 588 
study of, with cathode-ray oscilloscope, 477 
in welding, 605 
Transients analyzer, 576 
Transit time, effect on cathode-ray tubes, 167 
in conventional tulles, 82 
of electrons, 82 
in ascillators, 262 

Transmission, of direct current, 372 
Transmission chart, circular, 299 
Transmission coefficient of potential barrier 
for electrons, 16, 25 

Transmission line termination, discussion of, 
293, 297, 303, 305 
determining of, 477 

Transmission lines, characteristic impedance 
of, 292 

for direct current, 372 
distortionless, 292 
in general, 290 

general theory as related to field theory, 305 
magnetic loading, 292 


Transmission lines (CofUinued) 
matching load to, 420 
for power-line carrier, 450 
l)owcr transfer and power rating of, 301 
propagation constant of, 290, 419 
resonating sections of, 301 
Smith chart for, 299, 302 
standing waves on, 297, 301, 420 
Transparenc^y curves (x-rays), 140-142 
Transverse electric (TE) and transverse mag- 
netic (TM) modes of propagation, 294, 
305 

Trigger circuit, Eccles-Jordan, 470 
Triodc, cliaractcristics of, 248, 250 
description of, 70 
maximum frequency of, 71 
poUmtial distribution in, 35 
for power amplifiers, 231 
voltage gradiemt, 246 
“Trouble shooting,” 667 
Tube types, anti-TR, 646 
beam-power, 74, 251 
cold-cathode, 14, 55, 473 
C'oolidge, x-ray, 147 
diode, for modulation, 258 
parallel-plane, 38 
potential distribution in, 33, 37 
space-charge, current in, 36 
voltage gradkmt in, 246 
ignitron, see Ignitron 
kenotron, 67, 343, 662 
Lenard, for x-ray, 146 
ismtagrid converter, 75 
pentodes, 74, 458 
phanatron, application, 279, 343 
care of, 662 

phototube, see Phototubes 
pliotron, 75, 79, 662 
power t.ub<»s, 75, 79 
rectigon, 343 
TR, 646 

tetrode, 72, 74, 251 
thyratron, application of, 279, 343 
basic circuits, 280 

characteristics of, 107, 281, 344, 546 

cokl-cathode, 473 

neon-filled, 473 

for phototube amplifier, 629 

as rectifier in motor control, 535 

in relaxation oscillator, 276 

shield grid of, 107 

“shockover” in, 280 

storage of, 662 

triode, characteristics of, 248, 250 
description of, 70 
maximum frequency of, 71 
poUmtial distribution in, 35 
for power amplifiers, 231 
voltage gradient, 246 
tungar, 343 
Tulx\s, air-cooled, 661 
amplification factor of, 62 
anode radiators, design of, 64 
anodes of, characteristics of, 248 
cooling of, 64 
current calculation, 39 
dissipation at, 79 
efficiency of, 232 
function of, 63 
materials for, 63 
radiator, design for, 64 
rotating for x-ray tube, 524 


Tubes (Continued) 
capacitance of, 251 

cathodes of, in cathode-ray tubes, 162 
oxidtJ-coated, 18, 62, 65, 660 
“poisoning” of, 660 
pool type, 345 

of pure metal, Schotiky effect, 20 
thermionic, 13, 343 
of thoriated tungsten, 15, 17, 60, 660 
of tungsten, 58, 659 
classes of o|x*ration, 75 
conductance, mutual, 248, 255, 257 
construction of, general, 58 
dynamic characteristics, 229 
envelope of, 65 
evacuation of, 65 
frequencies involved, 81, 376 
grid dissipat ion, 80 
grid saturation, definition of, 246 
grids of, control of, 62 
scnxm, 62, 251, 257 
suppressor, 62, 251, 257 
handling of, 662 
life of, prolonging, 659 
load lines, graphical construction, 228, 249 
mutual conductance in, 248 
operating points of, 228 
overload capacity of, 659 
“poisoning” of (sathode, 660 
quiescent point of, 228 
reacUince of, 233 
restoration of, 663 

screens for cathode-ray tubes, 162, 166 
steals for, 65 

short life, causes of, 659, 669 
storage of, 662 

temperature effect on, 659, 662, 665, 668 
testing of, 67, 662 

transcondiictance of, definition of, 229 
as variable-imjxdance elements, 233 
voltage ratings, 80, 659, 664 
water-cooled, 661 
x-ray, see X-ray tubes 
Tuned grid oscillator, 265 
Tunetl plate oscillator, 265, 270, 375 
Tungsten, emission from, 59 
as x-ray target, 155 
Tungsten filaments, 15 
Tuning fork, electrically driven, 464 

I 'lira violet, photosensitive surfaces, 122 
Ultraviolet lamp, 172 
Tltraviolet meter, 175 
I 'Itra violet radiation, 5, 171, 174, 642, 644 

Vacuum-tube voltmeters, 457 
N'alence band, 8 
\'alence crystals, 7 
Valence electrons, 7 
Van de Graff generator, 508 
N'aristor, 176 
Mbration, 471, 478, 486 
Viewers, high-intensity, 512, 514 
Visual acuity, 516 
Volt., electron, definition of, 10 
\"oltage doubler, 203, 239, 507 
\"oltagc regulation, of generator, 576 
of rectifier, 239 
Voltmeters, 457 

Wagner ground, 468 

Water-cooling system, maintenance of, 661, 664 
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Wattmeter, use of, in vibration measurement, 
478 

Wave guide, circular, 297 
cut-off wavelength, 294 
rectangular, 296 
W^ave velocity, 290, 295 
Wavelength, cut-off, 294 

of electrons, De Broglie, 16, 496 
Wavelength conversion table, 120 
Weight, molecular, 1 
W^elders, certification of, 505 
Welding, butt and flash, 604 

capacitor-<li8charge system, 618-625 

electrodes for, 602 

fundamentals, 601 

ignitrons for. 111 

projection, 604 

seam, 603 

sequence control for, 602 
spot, 600, 609 
time, 601, 603 
timers for, 609, 614, 617 
timing, pur|X)ee of, 604 
transients in, 605 

Width measurement, photoelectric control for, 
637 

Wien’s law, 1 18 

Wind-tunnel speed regulation, 593 
Work function, definition of, 10 
electrostatic field effect on, 20 
photoelectric, 22 
table of, 12, 121 
temperature coefi&cient of, 13 
thoriated-tungsten surface, 16 
variation of, 69 

X-ray generators, 506, 523 


X-ray image, magnification of, 510 

X-ray therapy, 503, 525 

X-ray tube heads, 148, 160 

X-ray tubes, ate alao X-rays, Radiography 
air-insulated, 146, 151 
anode, rotating, 148, 155 
beam divergence, 154 
characteristic curve of, 147 
cold-cathode typo, 149 
Coolidge type, 147 
cooling of, 149, 156, 160 
design of, 151, 153 
diffraction type, 147, 150 
double-focus typo, 146 
early types, 146 

efficiency of target material, 155 
exhaust of, 155 
focusing in, 152, 154 
gas-filled, 146 
high-speed type, 149 
Kovar seals for, 155 
Lenard type, 146 
manufacture of, 155 
medical applications of, 156 
multisection type, 152 
oil-immersed type, 148, 151, 156 
operating characteristics of, 147 
ratings of, 148, 156 
rayproof type, 148, 152 
size of, 151 
target angle, 153 
tungsten targets, 155 
windows, 148, 152 

X-rays, see cdso X-ray tubes. Radiography 
absorption of, 6, 140, 152, 509 
applications of, 503, 523 
beam quality, 152 


X-rays (Continued) 

Bucky diaphragm, 144 
control of, 506 
discovery of, 138, 146 
efficiency of production, 155 
emission characteristics, 139 
film control, 142 
film-density characteristics, 142 
frequency of, 138 
half-value layer, 153 
inherent filtration, 152 
intensity measurement, photoelectric control 
for, 637 

inverse square law for, 138, 142, 146, 156 
Ky line of elements, 140 
in medical profession, 523 
method of producing, 138, 146 
monochromatic radiation, 144 
photoelectric absorption of, 140 
photons, 138 

phototube control of, 520 

pin-hole camera, 154 

portable radiographic generator for, 148 

proix^rt icis of, 138 

protection against, 147 

radiation, 5 

roentgen unit, 138 

scattering of, 140, 144 

sensitivity, 511 

specimen contrast, 142 

spectrum, 139 

transparency curves, 140 

wavelengths 9!, 5, 139 

Yield, secondary emission, definition of, 26 

Zero field emission, 20 






